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PREFACE. 



The object sought to be attained in thik book wsus not the 
making of an exhaustive scientific treatise on stresses, but to sup- 
ply in one a text-book suited to the usual limited time which can be 
given to the subject, and a book of reference for the student in 
his future practical work, and for the practical engineer whose 
time is too much taken up to get with advantage from elaborate 
treatises, a working theory for whatever problem he may have 
in hand. 

This may seem a difl&cult object to attain in one book. The 
method in which this object is accomplished is the only claim for 
originality which the author makes. The points which have been 
kept in mind are : 

1st. A nomenclature to correspond as nearly as possible 
to general practice in this country, and arranged alphabetically 
in a table to which reference can be made for the meaning of any 
letter in a formula wherever found. 

2nd. An avoidance of lengthy explanations of demonstra- 
tions with a multiplicity of letters and references to figures. The 
figures are made to speak for themselves as much as possible. 

3rd. While elementary proofs are avoided, there will be 
few things which the engineer, who has not studied Analytical 
Mechanics and Strength of Materials, will have to take on faith. 
Indeed, there is much which for the college student will be re- 
view, but is put in on account of its fundamental importance. 

4th. Not all the matter is intended for class room work, 
but some only for reference by the student should he have use 
for it in his future career as an engineer. On the other hand, 
many things should be amplified and taken up more in detail in 
connection with the problems which the student solves. The 
method adopted by the author is to take up a lesson first in the 
form of a lecture combined with questions, of which the student 
makes notes. These notes are studied and reviewed at the next 
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Iv PREFACE. 

meeting of the class. Solutions of problems are required to be 
kept in neat form in a separate book for future reference. 

5th. Numerous references are given so that more extended 
treatments of different subjects may be readily found by the 
engineer when occasion requires. 

As a book of reference, it is hoped that it will enable the 
engineer to put more time than usual upon questions of design, 
which generally receive too little attention both from the stand- 
point of economy and strength. A. H. HelTjEB. 



The above preface was written by Prof. Heller shortly be- 
fore his death, which occurred February 20th, 1906. 

He had intended to cover, in his book, the common forms 
of statically indeterminate structures, as well as the three 
hinged arch and cantilever bridges, as will be seen by repeated 
references to succeeding chapters which are not included in this 
book. 

We believe that the fourteen chapters here presented, cov- 
ering as they do the stresses in all the forms of simple trusses, 
will be of benefit to the profession as a reference book and to 
schools as a text book. The manuscript for this book was used 
by Prof. Heller in his classes in typewritten form, and is believed 
to be comparatively free from errors. We will be glad to have 
any typographical or other errors brought to our attention. 
Columbus, Oct. 9, 1906. C. T. Morris. 



The writer has used this book as a text in his classes for 
the past nine years, and has found that in many places the con- 
cise forms of Prof. Heller's statements in the manuscript which 
he left, and which was published without material alteration 
in the last edition, were not easily understood by the beginner, 
and it has been the aim in this edition to expand the explana- 
tions and to give numerical examples to illustrate the methods 
where experience has shown this to be necessary. 

There has been little change made in the first four chapters. 
In this edition, Chapter V includes both Chapters V and VI 



PREFACE. V 

of the old edition, as it was thought there waa not a logical 
reason for dividing the chapter. An explanation of Bow's 
notation is added and several of the graphical solutions have 
been redrawn using this notation. A new article on the derrick 
is also added. 

There has been little alteration in old chapters VII, VIII, 
IX and X, except in the chapter numbers. 

Old Chapter XI has been expanded into two chapters, 
Chapter X on Roof Trusses, and Chapter XI on Bridge Trusses. 

In Chapter XII, on Stresses from Uniform Load, solutions 
have been added for the deck Pratt, sub-divided Warren, Whipple 
and Pettit trusses, and skew bridges. 

In Chapter XIII a complete solution of the stresses in a 
Pratt truss railroad bridge from wheel loads is added and a 
moment table is given for Cooper's loading. 

In Chapter XIV a more complete explanation is given of 
the solution of the stresses in bridges with curved track. 

Many of the figures have been redrawn and a large number 
of new ones added. 

Clyde T. Morris. 

COLUMBrS, O., 

March, 1916. 



Acknowledgment, is due from the Publishers to Mr. C. T. 
Morris, Professor of Structural Engineering, Ohio State Uni- 
versity, for the valuable work done by him in the preparation for 
the press of Professor Heller's manuscript. 
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NOTATION. 

The same letter is sometimes used to denote entirely differ- 
ent quantities which can not possibly be mistaken for each other. 
Sub-scripts and super-scripts denote particular values or 
values referred to particular axes, origins, or points. 

In general, capital letters denote totals, small letters denote 
units and distances, and Greek letters denote angles. 

Max. and min. written as sub-scripts denote maximum and 
minimum values. 

il = total area of cross section (square inches). 
ilf=net area of one flange (square inches). 
ilw= gross area of the cross section of the web = th. 
a = distance shown in the figure. 
fc= width of a rectangular cross section. 
« width center to center of supports. 
= distance shown in the figure. 
C* centrifugal force per pound. 
Ci, C2, C'j etc. = constants of integration. 
c= distance shown in figure. 

D = total direct stress in posts with portal attached. 
Di, 2)2,1 2)3, etc. = stresses in diagonal members. 
Dc — degree of curve of track. 
D. L.«dead load or dead load stress. 
d« distance from the neutral axis to a parallel axis. 
= depth between centers of gravity of the flanges of a girder. 
= depth between centers of chords of trusses. 
B differential when written in connection with and preceding 
a variable. 
dA « an infinitesimal element of area. 

£» modulus of elasticity in tension or compression (pounds 
per square inch). 
= equilibrant of two or more forces, 
^a^^ modulus of elasticity in shear or shear modulus (pounds 
per square inch). 

XV 



xviii NOTATION. 

^=unit deformation in line of stress for tension or compression 
(inches per inch). 

da —unit deformation due to shear (inches per inch) = angle 
produced, in circular measure, 

dL = total deformation in length L (inches). 

tf= angle shown in the Fig. and usually measured from the ver- 
tical. Also see Eq. (49), page 173. 

;r=3.1416. 

S=»"the sum of " = summation of all terms similar to that fol- 

/ lowing this sign. 
»sign of integration and denotes the summation of all the 
infinitesimal values of the following variable. 
4> = angle shown in the Fig. 
00 = infinity. 
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CHAPTER I. 

STRESSES AND DEFORMATIONS WITHIN THE ELASTIC 

LIMITS. 

1. Object of the Study of Stresses. In order that an engi- 
neer may be able to design stmetures to resist forces— to carry 
loads— he must know how forces are transmitted, and the proper- 
ties of the materials of construction for transmitting tiiem. The 
subject consists of two distinct parts : 

1. The stresses must be calculated ; this part is based upon 
that branch of mechanics called staticSy which treats of the equi- 
librium of forces. 

2. The amount and distribution of material in a structure* 
must be determined so as to resist the stresses safely and econom- 
ically ; 'this part is based upon the stre^igth of matenials as de- 
termined by experiments. 

In what follows, only so much of the second part of the 
subject will be considered as is necessary to bring out the practi- 
cal applications of the first part. 

2. Kinds of Structures. The kinds of structures to be 
considered are beams, girders and trusses, singly and in com- 
binations forming railway and highway bridges, roofs, buildings, 
cranes, etc. 

A beam, in general, is a single piece or a combination of 
pieces of material which carries loads in cross bending between 
or beyond supports. 

An engineer's definition of a simple beam is one consisting 
of a single piece, as a stick of timber or an I beam, but in building 
construction- an architect's definition is any member which 
directly carries external loads in cross bending. 

The engineer's definition of a girder is a beam which is 
built up of a number of pieces rigidly held together, while the 
architect terms a girder any member in cross bending, which 
carries the ends of other beams, whether it be composed of 
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FORCES ACTING ON STRUCTURES 
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one or many pieces. Several forms of girders are shown , ia 
Fig. 1. 
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Fig. 1. 

A 'plate girder is a girder having one web— a single plate. 

A box girder is a girder having two or more webs. 

The flanges are usually made of angles or of angles and 
plates. 

A TBLSS^ is a beam composed of a number of members con- 
nected together, by pins or rivets, so as to form a stable struc- 
ture, the stresses in the members being tensile and compressive, 
and the loads being applied at the joints.^ See Fig. 2 for the 
names of the different members of a truss and Chapter^ XI for 
different kinds of trusses. 




Fig. 2. 

3. Forces Acting on Structures. When structures are in 
service there are external and internal forces acting. The ex- 
ternal forces are the loads and the reacions. The reactions are 
caused by the loads and are the forces acting at the supports 
to hold the structure in equilibrium. 

*The term girder is sometimes used in place of truss, especially for con- 
tinuous or lattice trusses. 

* Occasionally, a truss carries loads which are not applied at the joints 
and some of the members must also act as beams. 



Art. 4. KINDS OF LOADS. 3 

The internal forces produced by the loads are called stresses. 
The stresses are the internal resistances offered by the material 
to the deformations caused by the loads. 

4. Kinds of Lx>ads« The dead load consists of the weight 
of the structure itself, together with such accessories as are 
permanently fixed in position. 

A uvE LOAD is a moving load, or one that moves over the 
structure, and may have any practical points of application. It 
is assumed that a railway train moves over a bridge on the track 
and a horse on the roadway. Pedestrians, vehicles, the wind 
blowing against a moving train, and traveling cranes are exam- 
ples of live loads^. 

A CONCENTRATED LOAD is ouc that is treated as, being applied 
at a single point or along a line, such as a wheel load. Prac- 
tically, every load is applied over an area although this area 
may be very small. 

A DiSTBffiUTED LOAD is a coutinuous load applied over an area 
and is usually uniformly distributed. A structure's own weight 
is usually taken as uniformly distributed, and live loads are 
often assumed to be uniformly distributed. The pressure of 
water against a dam, or of earth against a retaining wall, are 
examples of non-uniformly distributed loads. 

5. Manner of Application of Loads. Loads are applied 
gradually, more or less suddenly or with impact. 

A dead load, like the structure's own weight or the weight 
of snow, is usually gradually applied but not necessarily so. 

Theoretically the effect of an instantaneously applied load, 
if it is not applied with a blow, is double that of a gradually 
applied load (19), but the effect of a suddenly applied load is 
usually much less, unless it is applied with a blow. 

A LIVE LOAD may be gradually applied, but is usually applied 
more or less suddenly and with some impact. The weight of a 
railway train is applied to a bridge more or less suddenly, do- 
pending on its speed; it is also applied with impact on account 
of some of the moving parts of the engine being unbalanced, on 
account of **flat wheels,'' **low joints," etc. The striking of a 
horse's boofs upon the floor of a bridge, and the jolting of a 
vehicle due to inequalities of the floor, are examples of impact. 



^The definitions of dead and live loads here given do not correspond 
with those given in mechanics but witli the usage of engineers. 



4 MATERIALS OF CONSTRUCTION. Art 6. 

All loads, (dead or live), which are not gradually applied, 
produce vibrations which gradually disappear if the loads come 
to rest on the structure. In other words, the distortions of the 
structure are momentarily greater than for the same static loads 
and these are evidences of stresses, exceeding the static stresses, 
which may be called vibratory stresses. 

If the impulses causing vibration are applied at intervals 
corresponding in a certain way with the time of vibration of the 
structure, the effect will be cumulative, and the stresses may be 
very great. Practically, there is more or less interference^. 

Vibratory stresses are iLsually the result of a number of 
different causes, and it is important that the construction be of 
such a character as to keep them within proper limits ; allowance 
is usually made for them in a more or less arbitrary manner 
under the name of impact stresses. 

Impact stresses usually include all stresses in excess of 
those due to the same loads gradually applied. The total equiva- 
lent static stress is, then, equal to the sum of the dead load, live 
load, and impact stresses. In getting stresses, all loads are 
treated as being gradually applied, producing static stresses. 
To make allowance for impact, a certain percentage of the live 
load stress is added, depending upon the directness with which 
the live load stress is imparted. The impact stress is greater for 
a short span than for a long one*. 

6. Materials of Construction. The ordinary materials of 
construction are stone, brick, concrete, timber, cast iron, cast 
steel, wrought iron, and steel. Steel is the material most largely 
used for structures in which the engineer has most to do with 
stresses. 

These materials have various properties to a greater or 
lesser degree, such as density, hardness, brittleness, ductility, 
elasticity, strength, etc. The most important of these are strength, 
elasticity and ductility. 

7. Elasticity and Stress. The materials of construction are 
more or less elastic, that is, they undergo changes of form under 
the action of forces. Let Fig. 3 represent a bar held rigidly at 

iPor a fall account of measurements of vibrations of railway 
bridges and their causes, see a paper by Professor F. E. Tumeaure In 
the Trans. Am. See. C. E. Vol. 41, p. 411, and a paper by Professor 
S. W. Robinson in the Trans. Am. Soc. C. E. Vol. 16, p. 42. 

' See the brid<s;e specifications of the Am. Ry. Engineering and Main- 
tenance of Way Assoc. 
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its upper end; if a weight W be suspended from it, it will 
stretch ; at the same time a resistance is developed in it which 
increases, as the bar becomes deformed, until it balances, or holds 
in equilibrium, the external forces acting on the bar and the 
deformation ceases. 

A STRESS is the internal resistance de- 
veloped in a body by forces deforming it. 
A' stress may be imagined to be carried 
from molecule to molecule as the links of 
a chain transmit a force by acting in op- 
posite directiom upo'n each other, so that, 
at any imaginary cross section as pq^ 
Fig. 3, the internal forces are acting in op- 
posite directions and away from the sec- 
tion. In this way,* the effect of the weight 
TV is transmitted through the bar to its 
support at the top, producing a stress at 
every cross section equal to W, It is plain F«g. 3. 

that, at the ends of the bar, the stresses mil have opposite direc- 
tions, just as the exter'nal forces have opposite directions. 

In Pig. 4 the directioijjB of action of 
the external forces and stresses are reversed 
—the bar is in compression) the bar of Fig. 
3 is in tension. 

8. Elastic Limits. If, from the bars 
of Figs. 3 and 4, the loads be removed, they 
will return to their original dimensions or J_ 

shape, provided the stresses have not ex- 
ceeded a certain limit called the elastic 
limit. It has been found by experiments, 
that for steel stresses and deformations are |^^^ 
directly proportional to each other within a cer^ 
tain limit called the limit oj proportionality, 
(Hookers Law). Practically, these two limits are the same, 
although the true elastic limit is below the limit of proportion- 
ality (21). 

When the stress has exceeded the elastic limit, some of the 
deformation is permanent and the body is said to have taken a set. 

The elastic limit of any material depends upon its grade and 
quality, and is much more sharply defined in wrought iron and 
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6 STKESttES AND DEFORMATIONS. Art. 9. 

steel than in other materials of construction. Cast iron and 
timber, for example, can scarcely be said to have elastic limits, 
but, practically, certain values may be assigned within which 
the permanent deformations are negligible. ' 

9. Deformations.^ Besides the longitudinal deformations 
in the bars of Figs. 3 and 4, there are also transverse deforma- 
tions; the area of the cross section is contracted in tension and 
expanded in compression, so that in one case A^ is less, and in the 
other case A^ is greater than A, Within the elastic limits the 
deformations arc proportional to the stress, and depend upon its 
intensity. 

The relation between the longitudinal and transverse defor- 
mations has not been well determined for most materials, but for 
metals the transverse deformation is usually taken from J to J 
(Poisson's Ratio) as much per inch as the longitudinal; this 
ratio may be taken as 0.3 for iron and steel. 

10. Unit Stresses. If the forces IF are applied uniformiiy 
over the ends of a bar, the stress at any cross section will be 
uniformiiy distributed, and the unit stress will be the stress 
per unit of area. 

W W 

« = — = -— (nearly) (1) 

Ai A 

Within the elastic limit, deformations are so small that A 
and Ai are practically equal and, in any case, it is usually the 
stress per unit of original area that is wanted. 

Working stresses for structures are the unit stresses used 
in their design (24), and are taken well within the elastic limits. 
If the elastic Hmits were exceeded in any part of a structure, it 
would not return to its original shape, and might finally become 
unfit for the purpose for which it was intended; there might also 
be a dangerous redistribution of stresses. We are, therefore, 
chiefly concerned ^vith stresses within the elastic limits. 

11. Modulus of Elasticity. According to Hooke's Law, de- 
formations and stresses within the elastic limits, for any one kind 
of stress, are proportional to each other. For example, if a bar of 
steel having an elastic limit of 40000 lbs. per square inch be sub- 
jected to a pull of 10000 lbs., producing an elongation of 0.01 in., 

> The term strain Is used by most writers to denote the deforma- 
tion accompanying stress, but since engineers commonly use strain to 
denote pfcress, the term is here avoided. 



Art. 11. MODULUS OF ELASTICITY. 7 

a pull of 20000 lbs. will produce an elongation of 0.02 in., of 
25000 lbs., 0.025 in., etc. The constant ratio of stress to deforma- 
tion is a physical constant, usually represented by j&,and is called 
the modulus (measure) of elasticity ; for tension and compression, 
it is the same and is called Young's Modulus, In the form of an 
equation. ^ ^ r^ /o\ 

E ^ ' 

P^or steel E is about 29000000 when 8 is in inches and s in 

pounds per square inch, that is, the longitudinal deformation per 

lineal inch is -gao o ^ oooo P<^''^ ^f ^^^ i^^^^^ f^^ every pound stress per 
square inch of cross section^. 

Referring to a steel bar as shown in Fig. 3, if W= 60000 lbs., 
6=2 in., /t = 3 in., L=290 in., we have ^=6 sq. in., 5=10000 
lbs., per sq. in.; 8 = ^^^^^^ = ^^i^ in.; 8L == ^\ = 0.1 in.; 

6i = 2 — ^^^^ and ^i= 8 — ^^jj^- It is evident that Ai will 
be but slightly smaller than A, 

The modulus of elasticity is a measure of the stiffness of a ma- 

terial. Since 8 = -^, for the same unit stress, the deformation 

will he least for the material having the greatest modulus of 
elasticity. Steel and iron are stiffer than timber. Stiffness is 
important in structures subjected to impact stresses. 

There is naturally considerable variation in the value of a 
physical constant, particularly for some materials; the following 
values of Young's ^lodulus may be taken as general values. 

YOUNG'S MODULI OF ELASTICITY.* 

White oak and long-leaf pine 1000000 to 2000000. 

Wrought iron 26000000 to 30000000. 

Steel 27000000 to 31000000 (includes all grades). 

Cast iron 12000000 to 15000000 (increases with strength). 



^Thls equation is easily remembered; It can not be ^«= 3 because 
this would give an absurdly large deformation. 

*Some writers use the term coefficient of elasticity in place of 
modulus of elasticity, but in order to have the coefficient in the form 
usually given to physical constants, it would h.ave to be the reciprocal 
of the modulus. For steel, the coefficient of elasticity would be 
TWo0Tnj= 0-^000000345. Comparing this with the coefficient for ther- 
mal expansion, the total change in length due to a change of tempera- 
ture of t degrees equals 0.00000665 Lt and the total change in length 
due to a change of stress of a pounds per square inch equals 
0.0000000345 Ls. 

•For further data with regard to the modulous of elasticity, see John- 
son's Materiala of Oan$truction^ Burr's Elasticity and Resistance of the 
Materials of Engineering^ Goodman's Mechanics Applied to Engineer^ 
ing^ and Swing's Strength of Materials, 



8 MODULUS OF ELASTICITY. Art. 11. 

In members composed of two different materials, if the 
deformations are equal, from Hooke's law the unit stresses in 
the materials will be directly proportional to their moduli of 
elasticity. This gives us a means of estimating the stresses in 
the two materials of a reinforced concrete member due to shrinkage 
in setting or to temperature changes. 

Suppose a bar of steel one inch square were embedded in 
the center of a concrete member 6 in. square, and the whole 
subjected to a fall in temperature of 40° Fahr. If the coefficient 
of expansion of the steel is .0000065, and of the concrete 
.0000055, the drop in temperature will cause tension in the steel 
and compression in the concrete, the bond between the two being 
assumed to be perfect. 

If the two materials could contract independently, the 
.steel would contract 40 X. 0000065 = .00026 in. per mch of 
length, and the concrete would contract 40 X. 0000055 = .00022 
in. per inch; but the combination being firmly bonded, will 
contract some amount between these two values, causing ten- 
sion in the steel and compression in the concrete. As equilib- 
rium exists in the member the total tension in the steel must 
equal the total compression in the concrete, or 

s^,=Sc^c; from which 5,=35se. ... (a) 

The total deformation in each material will be the algebraic 
.sum of the deformations due to temperature and to stress, and 
these total deformations must be equal, as the bond is not broken. 

Let 5^= deformation of steel due to temperature; 

5„= deformation of steel due to stress; 

5^= deformation of concrete due to temperature; 

5«= deformation of concrete due to stress; 

£,=30,000,000; 

Ec=- 2,000,000. 
fThen da-du^da+des, or 

.00026 — =.00022+ ^ (b) 

30000000 2000000 ^ ' 



Alt. 12, KINDS OF STRESS. 

Solving equations (a) and (&) we get 
8,>-840 lbs. per sq. in. 

8s =-—=24 lbs. per aq. in. 

12. Kinds of Stress. The fundamental idea of a stress is 
that of two equal, opposite forces acting in any direction on the 
opposite sides of a plane section, taken in any direction, through 
any point of a body at which the stress is desired. It is usually 
desired to find that section for which the intensity of stress is a 
maximum, since this is the stress to which the working unit 
stresses are applied to determine the required area of the section. 

It may be shown that, in general, there are three stresses, of 
tension or compression, acting at right angles to each other, 
which are called principal stresses; these simple principal stresses 
occur in any body under stress no matter how produced. Since 
we usually have to deal with forces assumed to act in a plane, we 
consider only two principal stresses; the intensity of stress in the 
direction of one of these is greater, and of the 
other is less, than in any other direction} In the 
case of simple tension, Fig. 5, the maximum 
principal stress is equal to P acting on the sec- 
tion CD. On any inclined section, AB, there will 
he a normal component A' (tension) and a tan- 
gential component S, called a sheabin'G stress. 
If the material is homogeneous (isotropic), CD 
18 the critical section ; but if it were timber, for 
example, with the grain nmning in the direction pjg, 5_ 

AB, the critical section would be AB. 

It is evident, then, that wherever there are tensile or com- 
pressive stresses there will also be shearing stresses, except on 
particular planes perpendicular to the principal stresses. It is 
evident too that a tensile (or compressive) stress may be the 
resultant of a shearing stress and a tensile {or compressive) 
stress. Tensile and compressive stresses may also result from 

'S«e Merriman'a Mechanics of MnleriaJe. Greene's Structural Me- 
chanici Alesander and Thompson's Appfied Mechanic* or Bftnkine's Ap- 
ptierf Meekanici. 
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shoarinof stresses and pure shearing stress from tensile and com- 
pressive stresses of equal intensities acting at right angles to 
each other'. 

Practically, it is seldom necessary to find the resultant of 
several stresses, but in addition to the three simple stresses, three 
others are distinguished, which are due to a non-uniform distri- 
bution of tension^ compression and shear. The different kinau 
of stress are, 

1. Tensile. Molecules pulling against each other. 

2. Compressive. Molecules pushing against' each other. 

3. Shearing. Molecules sliding past each other. 

4. Bending. A couili:iation of tension and compression 
in different parts. 

5. Buckling. A combination of compression and bending. 

6. Torsional. Shearing by twisting. 

Tensile stresses occur in trusses; shearing and bending 
stresses in simple beams and girders; buckling stresses in the 
compression members of all beams and in columns ; and torsional 
stresses are usually avoided. 

Combinations of the above stresses are of frequent, occur- 
rence and are usually treated as being simply superimposed, but 
this is not always strictly correct. 

13. Distribution of Stress. The ordinaiy cases of the dis- 
tribution of the intensity of stress are ilhistrated in Fig. 6. 
Cases (e), (f), and (g) are combinations of the other ca.ses. 
Beyond the elastie limit the distrihution of stress is different ex- 
cept for cases (a) and (b). 

Practically, it is difficult to get these ideal distributions of 
stress. The following are some of the variations from ideal con- 
ditions. 

(a) The material may not be of homogeneous structure as 
in wood, for example; indeed any material will vary somewhat 
from perfect homogeneity. 

(b) There may be initial stresses due to unequal heat 
treatment ; this is particularly true of cast iron in which the outer 
parts are in compression, due to the cooling of the inner parts 



^For investigations of interesting conditions of stress, see woiks on 
mechanics. 



Art. 13. 



DISTRIBUTION OF STRESS. 



11 



after the outer have solidified ; the resistance of the outer parts to 
the contraction of the inner produces initial tension in the latter. 

Initial stresses may be largely eliminated by annealing or 
by stresses which are large enough to produce considerable 
permanent set. 

(c) There may be undiscoverable defects, such as blowholes 
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in castings, which might have the same effect as an eccentric 
application of the load. 

(d) It is difficult to apply a force exactly in the axis of a 
tension or compression piece so as to produce a uniform distri- 
bution of stress. 

(e) If there is any interference with the transverse deform- 
ation of a tension or compression piece, the longitudinal 
deformations will be changed. If there be a hole or a 
notch (Fig. 7) in a tension piece, the unit strength on a 
section through the notch or hole will be greater than for 
a plain piece ; the material outside of the notch, near it, 
acts like a transverse force to prevent contraction of the 
cross section. This effect disappears when the notch is 
made long enough, but near the point of transition, from 
the smaller to the larger sections, there will be a non- 
uniform distribution of stress; the transition should be 
a gradual one. 

Pig^ 7. In a block under compression, there is always friction 
on the faces to which the external forces are applied, and this 
interferes with lateral expansion. 
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TENSILE AND COMPRESSIVE STRESSEa Art. 14. 



(f) The form of the cross section has some influence upon 
the distribution of stress and deformation, because the fibers do 
not act independently as is ordinarily assumed ; that is, a bar of 
circular cross section will not offer exactly the same resistance 
as one of rectangular cross section having the same area; nor 
will one bar, whose area is equal to the total area of four bars, 
offer the same resistance as the four bars. 

Since the parts of a solid body can not be deformed inde- 
pendently, there is, even within the elastic limit, a constant ten- 
dency to equalize the stress on any section. As soon as one part 
is deformed more than another it throws more stress upon adja- 
cent parts, but abrupt changes of section should always be 
avoided in order that the stress may be unif ormily distributed. 

14. Tensile and Compredsive 5tre£ies. Tensile and com- 
pfesisive stresses are alike except that they act in opposite direc- 
tions ; they are noi^mal stresses. Forces which elongate a body in 
the direction of their action, produce tensile stresses in it, while 
those which compress it, produce compressive stresses. The in- 
tensity of stress in either case is determined by equation (1), 
page 6. It is important to note, however, that when the ratio 
of the length to the least lateral dimension of a piece in com- 
pression, exceeds a not well defined amount — ^when the piece 
is a column and not a block — there will be buckling stress; this 
is treated under columns in Chapter IX. 

15. Shearins^ Stresses. Forces which deform a body by 
moving parallel surfaces past each other, produce shearing 

rrnn stresses in it; these are tangential 

stresses. Scissors and shears pro- 
duce shearing stresses in a singlo 
plane as nearly as may be. In 
Fig. 8, there are shearing stresses 
in the bolt along the planes AB 
and CD. 

A weight on a beam as in 
Fig. 9, produces shearing stresses 
at every cross section of the beam 
because its effect must be trans- 
mitted to the supports, producing 
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the reactions Tt^ and J?,- This is a case of much practical import- 
ance. The shearing stresses may be considered separately from 
the bending stress which also occurs; if the maximum (principal) 
stress were wanted at any point, the resultant would have to be 
found. (76). 

16. Shears. The shear, at any section of a body, is equal 
to the algebraic sum of all the components of the external forces 
taken parallel to the section and acting on either side of it, 

and is equal to the shearing stress 
on the section. Thus in Figure 
10, the shear (vertical) between 
Ri and Pi equals 4000 lbs. act- 
ing up; between A and Pa, 2000 
Fig. 10. lbs. acting up; between P2 and 

A, 1000 lbs. acting down; at the section pq, 1600 lbs. (1000 
+3X200) acting down; just to the left of ft, 2500 lbs. (1600 
+41/^X200) acting down; and just to the right of ft, there is 
zero shear (2500—2500), as there should be. In Fig. 9, there is, 
in like manner an ** up ''shear on each section between Rj and 
P, equal to R^, and between P and i^2» a down shear equal to 
Ri—P, (since P is larger than jB,) or to Rn. 

An "up" shear simply denotes that the part to the left of 
the section tends to move up, past the part to the right, or the 
part to the right tends to move down, past the part to the left. 
Beginning at the right, :ve get the same results if we apply the 
terms up and down to the part on the left as before. Shears are 
usually spoken of as positive and negative, an** up'' shear, going 
from left to right, being positive. 

At a load, the shear changes abruptly, sometimes passing 
through zero, so that we speak of the shear just to the left or 
just to the right of the load, never at the load. Since loads car- 
ried by trusses act at the panel points, the shear can change only 
at the panel points, and is constant in the panels, hence we speak 

of (he shear m a panel. In Fig. 11, 
the shear in the first panel is equal to 
ff A ; in the second panel, to Rj^—Pi ; in 
the third, to Rj^—Pi—P.; in the 
fourth, to Ri—Pi—Pz^P^ or to i^j- 
It is evident, in this case, that the 
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shears are not resisted by shearing stresses, but by tension or 
compression in the diagonal members. The diagonals .of the end 
panels are in tension, because the shear tends to distort the rect- 
angles so as to elongate these diagonals. . In this case, as in the 
cases of Figs. 9 and 10, there is also bending; in fact, shear 
strictly never occurs except in combination with bending. 

17. How Shearins^ Stresses Occur, In Fig. 5 it was shown 
how shearing stresses occur in connection with tensile stresses; 
in like manner, shearing stresses occur with compressive stresses. 

If , as in Fig. 12, we have a combination of 
tensile and compressive stresses of equal 
intensities, acting at right angles to each 
other, and investigate the stresses on planes 
making angles of 45 degrees with the direc- 
tions of these stresses, we shall find simple 
shearing stresses; on other planes there 
will be both shearing and normal stresses. 
Fig. 12 shows how, on both sides of the 
plane ACy the normal components of the tensile and compressive 
forces neutralize each other, and how the tangential components 
are added together: the same result will, of course, obtain for the 
plane BD. The cube may be conveniently considered as a unit 
cube so that the stresses on the faces AB, BC, CD, and DA will 
be unit stresses. 

We have, then, under the above conditions, simple shearing 
stresses, of equal intensity, at right angles to each other. Con- 
versely, if we have shearing stresses of equal intensities acting 
at right angles to each other, there will be tensile and compressive 
stresses of equal intensity on planes making angles of 45 degrees 
with the planes of the shearing stresses. This 
is shown in Fig. 13, which is the same as Fig. 
12, except that the directions of the stresses 
have been turned through an angle of 45 de- 
grees, and that the diagonal planes are the 
pbnes on which simple tensile and compres- 
sive stresses act. The figure shows how the 
compressive stress on plane EG is produced. 
On FH there will be tensile stresses. 




Fig. 13, 



The above investigation shows that shearing stresses occur 




Art. IS. SHEAR MODULUS. 15 

in pairs at right angles to each other, if there is equilibrium. It 
would not be possible, in Fig. 13, to have the tangential forces 
acting on planes E H and F G without those on E F and HG, 
for the former form a couple which would turn the cube in a 
clockwise direction. It follows that, wherever, in an elastic solid, 
a transverse shearing stress occurs, there is also a longitudinal 
shearing stress of equal intensity ; the resultants of these, upon 
planes at angles of 45 degrees with the shearing stresses, are equal 
tensile and compressive stresses. It may easily be shown (Pig. 12) 
that the intensities of these three kinds of stress are the same (76) . 
If the cubes of Figs. 12 and 13 be taken indefinitely small, 
the stresses may, in any case, be considered as 
uniformly distributed over the faces of the cube, 
and the above principle holds even if there are 
also tangential forces (Fig. 12) or normal forces 
(Fig. 13) acting on the faces, or both kinds act- 
^^ • • ing on the front and rear faces. 

In the beam of Fig. 9 we foun'^1 a vertical shear, which 
would evidently produce a deformation of the part between any 
planes e^pq and rs, as shown in Fig, 14. But according to the 
above principle, there must also be horizontal shearing stressee; 
that the deformation will be as shown in Fig. 14 is evident from 
Fig. 13, which presents the condition of any small cube in the 
beam, and shows that the diagonal EG will be lengthened and 
the diagonal Fif shortened. There are also bending streeses in a 
beam, as shown in Chapter VI, where it is again proven that 
there are horizontal shearing stressed in beams. 

18. Shear Modulus. Since a shearing stress moves the 
molecules in one section parallel to those in an adjacent section, 
the resulting deformation, between any two parallel sections, will 
be as shown in Fig. 14. The angle 8g is the measure of the 
deformation which is r'r in the distance pr' ; unit deformation is, 
therefore, 

— -=zian 83 = 83 (in circular measure), since the deformations, 
pr 

within the elastic limit, are very smalL 

The relation between unit deformation and unit stress is 
constant, within the elastic limit, and is determined by experi- 
ment as in tension. 
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8, = -5-ori:. 8. = ^ (3) 

Eg, the shear modulus, may also be determined theoretically 
from the cases showTi in Figs. 5 or 12, if Poisson's ratio is known. 
This theoretic relation is, 

^g = ---> — rT\E=-^E, when ?u =4 or Poisson^s ratio equals ~j-- 
" 2 {m + 13 6 ' ^4 

\9. Work Done in Deforming: a Body. Resilience. Since 
work is measured by the product of the force acting and the 
distance through which it acts, the work done in elongating a 
steel bar, for example, is equal to the elongating force times the 
elongation. If the force is gradually applied, it increases from 
zero to the final value TT, and its mean value is ^^ W. If the 
accompanying elongation is 8L, the total work done is V^WSI/; 
if this be divided by the volume AL^ we have, 

Work done per unit volume = J « 8 

If s does not exceed the elastic limit, this will also represent 
the potential energj^ in the bar per unit volume, or the enei^y 
restored when the load is taken off or when the bar springs back, 
and is called the resilience. 
Resilience per unit volume 

= i s ^ = i £» from eq. 2, page 7. (4) 

The term resilience is also applied to designate the work 
done on a body stressed beyond the elastic limit (21). 

The work done by an instantaneously applied force W would 
be W 8 L, and hence it will produce twice the stress, on the same 
bar, that a gradually applied force prodjices. If the stress is 
doubled, the deformation is also momentarily doubled (within 
the elastic limit). This has been of importance in selecting 
working stresses. 

If the load is applied with impact by a weight W falling 
through a height /t, the work done at the instant of im- 
pact, will equal W/t, and it will be spent upon the falling weight, 
the body struck, and its supports ; how much is spent on the body 
struck would be difficult to determine 

The resilience is a good measure of the shock-resisting qual- 
ities of a material. To compare various materials in this respect, 
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substitute the elastic limit for s in equation (4). The elastic 
resilience of a steel having an elastic limit of 40000 lbs. per 

. , , 40000 X40f 00 a^ n - ^ , j i. 

square inch equals o y 29()000ou = ^^'^ mcli-pounds per cubic 
inch. The elastic resilience of a cast iron having an elastic limit 

of 12000 lbs. per square inch equals 2 v ijuuvjikju ~^'^ ^^^^" 
pounds per cubic inch^. 



^For the reaillence of beams s^e Art. (88)» /emd for a discussico 
of the whole subject, see Chapter VI of Johnson's Materials of Con- 
atruction. 



18 QUESTIONS AND PROBLEMS. CHAPTER I. 

1. What is statics? 

2. May a structure be composed of simple beams, girders, 
and trasses? What are the constituent parts of a truss called? 

3. WTiich members are the web members of a truss? 

4. WTien is the force of the wind taken as a live load? 

5. Give three examples of a concentrated load and three 
of a distributed load. 

G. How may impact stresses be measured? 

7. What were the main conclusions at which Prof. Turn- 
eaure arrived, in his investigations of the vibrations of railway 
bridges? 

8. What is the total equivalent static stress in a member 
of a bridge truss, for which the dead-load stress is 70000 lbs., the 
live-load stress 200000 lbs., and the impact stress is taken as 

^rrr-— times the live load stress, L being 150 in this case. 

Ans., 403300 lbs. 

9. What are the principal uses to which the materials men- 
tioned in Art. G are put? Which of these materials is the heav- 
iest? Which are brittle? Which are ductile? Which has the 
greatest strength? 

10. What, according to Johnson's Materials of Construe- 
tion, is the elastic limit of steel? Of long-leaf pine? Of steel 
piano wire? 

11. ^Miat is the stress per square inch in a steel tension 
member which carries a stress of 64000 lbs,, and whose area of 
cross section is 6.4 sq. ins.? What total stress will it carry if the 
working stress is 12000 lbs. per sq. in.? 

12. If the coefficient of expansion of steel is 0.0000065 and 
of concrete 0.0000055, what kind of stress will be induced, by a 
fall o^ temperature, in a bar of steel imbedded in the center of 
a block of concrete, if the adhesion is perfect? What kind in 
the concrete? 

J3. If £ = 29000000, what will be the total elongation of a 
steel bar 20 ft. long, having a section 6 in.xH in., and carrying 
a stress of 108000 lbs. in tension? 

W 108000 lonnniu 

— = 5= -= — = 12000 lbs. per sq. m. 
A oXli 

5 1 2000 ^^^ 4 , o • 

aL-0.000413xl2x20=0.099 in. 
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14. If B« 30000000, and the elastic limit of a steel bar 10 
ft. long is 36000 lbs. per sq. in., what will be the elongation per 
inch at the elastic limit? What the total elongation? 

Ans., 0.0012" and 0.144". 

15. An iron bar 30 ft. long stretches 0.18 in. under a stress 
per square inch of 14000 lbs. ; what l<? the value of B? 28000000. 

16. The length of a steel compression member in a truss is 
247 in., the area of its cross section is 60 sq. in., and its contrac- 
tion of length during the passage of the live load is 0.0247 in. 
What is the live-load stress, E being 29000000? Ans., 174000 lbs. 

17. If a street railway rail be supposed to be rigidly held 
at its ends, what kind of stress will be induced by a fall of 
temperature of 60° F.? What will the intensity of stress be if 
the modulus of elasticity is 30000000 and the coefficient of ex- 
pansion 0.0000065? Ans., 11700 lbs. per sq. in. 

18. If a plate girder be anchored at each end to rigid walls 
so that it can not expand or bend, what stress per sq. in. will be 
induced by a rise of temperature of 100° F.? £7 = 29000000 and 
the coefficient of expansion = 0.0000065. 

Ans., 18850 lbs. per sq. in. 

19. Is the stretch of a twisted wire hoisting cable elastic or 
only partly elastic? Why? 

20. A steel column for an office building is made 250 ft. 
long; how much will it be shortened when the average unit com- 
pression in it is 10000 lbs. per sq. in., E being 30000000? What 
will be the contraction if the column is cast iron under an aver- 
age stress of 8000 lbs. per sq. in., E being 12000000? 

Ans. 1 in. 2 in* 

21. If a tension member be made of two bars of steel, each 
6"xr', and two bars of iron, each 6"Xi", so that the elongation 
is the same for all when the total stress is 252000 lbs. ; what will 
be the stress per square inch in each bar if E is the same for all? 
WTiat if £ = 31000000 for steel and 27000000 for iron? 

Ans., 12000 lbs. per sq. in, 11064 lbs. per sq. in. for iron 
and 12702 for steel. 

22. If E is 12000000 for cast iron, what should be the 
elongations of a bar one square inch in cross section and 30 
inches long, when the loads on it are 3000 lbs., 6000 lbs., and 
9000 lbs., if the metal is perfectly elastic under these loads? 

Ans., 0.0075", 0.015" and 0.0225". 
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23. Which is the stiflFer, steel with a unit stress of 12000 lbs. 
per sq. in. and £ = 30000000, or iron with a unit stress of 10000 
lbs. and £=27000000? How do they compare? Ans. As 4 to 3.7. 

24. A steel piano wire 4250 ft. long with an 8 lb. plumb- 
bob was let down a mine shaft; when the 8 lb. bob was exchanged 
for a 50 lb. bob, the observed elongation was 15 ft. What was the 
change of stress per square inch, the cross-sectional area of the 
wire being 0.00038 sq. in.? What was the modulus of elasticity 
of the stvjel? Was the elastic Umit exceeded? 

Ans., 110500 lbs. per sq. in. 31,330,000. 

25. If in Fig. 5, Art. 12, the section is 2"x3" and P = 72000 
lbs., what is the maximum principal stress per sq. in.? What 
will be the shearing stress per sq. in. on planes making angles 
of 45° with the axis? On what planes is the unit shearing stress 
a maximum? How does it compare with the maximum unit ten- 
sile stress? 

Ans. 12000 lbs. per sq. in. max. tension. 6000 lbs. per sq. 
in. max. shear. 

26. What kinds of stresses are found in simple beams? 

27. May a combination of bending and tensile stresses re- 
sult in tensile stress over the entire section? Illustrate. 

28. WTiat is the maximum unit stress in a steel bar 7 ft. 
long, whose section is 3"x6", when the compressive load on it 
is 180000 lbs.? 

29. What is the difference between shear and shearing 
stress? 

30. Will a notched bar elongate more or less than a plain 
one? 

31. What is the shear in the middle panel of a truss of five 
equal panels, and carrying equal panel loads at each panel point? 

32. What is the shear at the middle of a beam, supported 
at its ends, and carrying a uniformly distributed load over its 
entire length? 

33. Prove that the intensity of shearing stress on the plane 
AC, Fig. 12, Art. 17, is equal to s. 

34. What is the deflection at the middle of an I beam, sup- 
ported at its ends, due to shear only, for a load at the middle 
such that the shearing stress per square inch (which is assumed 
uniformly distributed over the web) is 4000 lbs.? The span 
is 20 ft. and E.= 12000000. Ans., 0.04". 
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35. A steel bar is 8 ft. long and two square inches in cross 
section; its elastic limit is 30000 lbs. per sq. in. and E = 29000000: 
what must be the cross section of a cast iron bar of the same 
length so that it will have the same elastic resilience, the elastic 
limit being 10000 lbs. per sq. in. and £=12000000. 

Ans. 7.43 sq. in. 

36. In problem 12, what will be the ratio of the unit stress 
in the steel to that in the concrete, for a unit deformation d 
if Ec and Eat are, respectively, the moduli of elasticity of con- 
crete and steel? 



CHAPTER IL 



STRESSES AND DEFORMATIONS BEYOND THE ELASTIC 

LIMIT 

20. Non-elastic Stress and Deformation. For stresses 
above the elastic limit, the deformation is chiefly permanent, and 
deformations and stresses are not proportional— the deformation 
increases faster than the stress. Since working stresses are well 
within the elastic limit, stresses and deformations beyond it are 
of little importance in designing structures, but are important in 
interpreting tests of materials. The character of the relation 
which exists between stresses and deformations, may be seen best 
if they are plotted on a stress-deformation diagram. 

2U Stress-deformation Diagrams. Fig. 15 shows a stress- 
deformation diagram of a piece of soft steel tested in tension. 

In accordance with Hooke's Law, 

OA is a straight line, AA' being 

equal to the elastic limit, which, 

in this case, is practically the 

limit of proportionality between 

stress and deformation. Above 

A the deformations increase 

faster than the stresses, and at 

B the material may be said to 

flow, because no increase of 

stress (or even a less stress) is 

required to continue the deform- 

— ation. The point B is called the 

YIELD POINT beeaiise the metal 

^^^' ^^' ** breaks down*' at this point: it 

is the ** elastic limit" in commercial testing and is determined by 

the drop of the scale beam of the testing machine ; it is, therefore, 

much more conveniently gotten than the point -1. 

For iron and structural steel, the points A and B are usually 
close together, but for some ductile materials there is considerable 
difference between the stress at the elastic limit and at the yield 
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point. Timber and brittle materials like hard steel, east iron, 
and stone, do not have a yield point, and for them the limit of 
proportionality is determined from stress-deformation diagrams. 
The vertical ordinates of the stress-deformation diagram 
measure the unit stresses accompanying the deformations meas- 
ured by the corresponding absiccas. Thus EE' is the unit stress 
when OE^ is the unit elongation. AA^ is the uiiit stress at the 
elastic limit, and this is what is usually meant by the elastic 
limit; OA' is the corresponding elongation. It will be observed 
that the elastic deformation is very small part of the total 0/>' 
CC is the ULTIMATE STRENGTH Or maximum unit stress shown in 
the test ; it is not the unit stress at the point where rupture takes 
place. DD' is the unit Stress just before rupture takes place; this 
is less than the ultimate strength because the area of the cros'^ 
section of the test piece decreases. The stresses in the diagram 
are per unit of original area which is what the engineer wants. 
The actual intensity of stress increases up to the point of 
ruptured 

Since E=-j-y the tangent of the angle which OA makes with 

OD' represents the modulus of elasticity. Since the elastic 
resilience per unit volume is equal to i/^ 5 8 (19), it is represented 
by the area of the triangle OAA\ The total resilience per cubic 
inch is represented by the area of OABECDD\ and is approxi- 
mately AA'XOD'+^ (CC --AA') OD/ 

Testing machines are sometimes fitted with appliances for 
automatically drawing stress-deformation diagrams"^. 

22, Ductility and Plasticity. After the yield point is 
passed (Fig. 15), the metal seems to harden, and it again requires 
an increase of stress to increase the deformation, but a given 
increase of stress will produce a much greater elongation (time 
being a factor) than when the stress is below the elastic limit. 
The deformation is now chiefly yjermanent, and the test piece is 
more or less uniformily elongated throughout its length, and its 
cross section is diminished ; it is very ductile. 

When the ultimate stren.^th is reached, a local contraction 



^Unwin's The Testing of the Materials of Construction^ or Qood- 
man's Afecfuinics Applied to Engineering, 

"For complete tensile and compressive stress-deformation diagrams 
of Bteel, iron, cast-iron, and timber see Johnson's Materials of ConMtruc- 
tion Chapter II, cr Johnson's Modern Framed StrucfureR, Oiapter VIII. 
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Fig. 16. 



begias— the piece ** necks down"— and the 
elongation also becomes largely local. This is 
shown in Fig. 16, rupture occuring at B. 
This is the plastic state; the deformation is 
all permanent or non-elastic. 

Ductility and plasticity are important 
qualities in structural materials, especially 
I /I- in structures subject to impact stresses. 

I I Brittle materials break off short without giv- 

I i . I ing any warning of failure. These qualities 

J I iJL are measured in a tensile test by the percent- 

age of elongation and the percentage of re- 
duction of area at the fracture. For struc- 
tural steel, the percentage of elongation in 
8 inches (including fracture) is 20% to 30% and the reduction 
of area about 40% to 60% ; the larger figures apply to the softer 
steel. 

23. Ultimate Strensrth. By idtimate strength is meant the 
greatest unit stress which a test piece will show in a test, and is 
obtained by dividing the maximum load on the piece by its origi- 
nal area. The ultimate strength in tension, according to this 
definition, is easily determined as explained in Art. 21, and has 
been determined by many experiments on many kinds of mater- 
ial ; it is one of the results obtained in all commercial testing of 
iron and steel. The ultimate strengths in pure compression (in 
shoit blocks, not in columns), and in shear are of less importance, 
and have been less definitely determined for various materials. 
It is difficult to produce shearing stresses without bending 
stresses. In compression, the character of failure depends very 
much upon the kind of material; ductile and plastic materials, 
like soft steel, copper, lead, asphalt, etc., will expand laterally 
almost \^ ithout limit, so that the intensity of stress reckoned on 
the original area is much larger than the real stress; fibrous 
materials, like wrought iron and wood, will split on account of 
the lateral expansion, that is, they actually fail in tension ; brittle 
materials, like cast iron, brick, stone, etc., fail with little lateral 
expansion and usually by shearing on oblique planes, the friction 
on the plane of failure, and on the faces to which the pressure 
is applied, having considerable influence. In both compression 
and tension, any interference with the lateral deformation, in- 
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creases the ultimate strength, and decreases the longitudinal de- 
formation. In compression, the ratio of height to lateral dimen- 
sion has a marked influence on the ultimate strength. 

Ultimate strength in compression has no definite meaning 
unless the conditions of the test are fully specified^. This is true 
in a lesser degree for tension also; a bar of steel of large cross 
section, for example, will show a lower ultimate strength than 
one of small cross section. The usual tensile tests of steel and 
iron ara not exactly comparable because the test pieces vary 
somewhat in shape and size, for practical reasons. 

For the purposes of the engineer, the limit of strength is 
determined by that load which produces the first sign of fracture 
or lateral flow. This limit, in both tension and compression, is 
the yield point for such materials as have a yield point, and in 
steel and iron, is about the same for both kinds of stresses. 

Some materials (timber, wrought iron, stratified stone) do 
not have the same strength in all directions. 

ULTIMATE STRENGTHS*. 





TENSION 


COMPRESSION 


Rivet Steel 


48000 to 58000 








Soft Steel ) « 


52000 to 62000 
60000 to 70000~ 








Medium Steel 3 




Cast Iron— extreme values 


10000 to 40000 


50000 to 150000 


Cast Iron— ordinary f ndry 


15000 to 20000 


60000 to 90000 


Timber— endwise. Dry 


6000 to 12000 


4000 to 9000 


White Oak and Long- 
leaf Pine 


10000 to 12000 
45000 to 55000 


5000 to 9000 






Wroucrht Iron 









^For a discussion of this point see Rentes Mechanical Engineer's 
Pocket-book, Johnson's Materinl^'r^f Construction, and Burr's Elasticity 
and Resistance of the Materinln of Engineering. 

^ot detailed information with regard to ultimate strengths, see 
Burr's Elasticity and Jfesistance of the Materials of Engineering, John- 
son's Materials of ConsirucHon, Ewing's Strength of Mat&riaJs, Kent's Me- 
chanical Engineer's Pocket-book^ and the Cambria Steel Co.'s Hand-book. 

'A single grade of steel, liaving an average ultimate strength of 
about SOOOO lbs. per sq. in. , is now being 8i)ecifled by a number of engineers. 
Nickel -steel containing ^1% of nickel, having an ultimate strength of 
85000 lbs. to 100000 lbs., and a minimum elastic limit of 50000 lbs., has 
been specified for the eye-bars of the Blackwell's Island Bridge, now being 
built over the East Biver in New York. 
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The ultimate strength of structural steel may be said to be 
inchided between the limits of 50000 and 70000 lbs. per sq. in., 
the allowed variation for any particular grade being from 8000 
to 10000 lbs. per sq. in. The .ultimate strength of steel may vary 
from about 48000 lbs. per sq. in. in the softest kind up to nearly 
' 400000 lbs. per sq. in. in hard drawn wire. 

24. Factor of Safety. To obtain working unit stresses for 
use in designing structures, it was and is still, to a large extent, 
the practice of engineers to divide the ultimate strength by a 
factor, varying from 3 to 10, called the factor of safety. Thus, 
if the ultimate strength of the steel used be 60000 lbs. per sq. in., 
and the factor of safety be taken as 5, the working stress will be 
12000 lbs. per sq. in. 

The choice of a factor of safety involves many considerations 
such as the impossibility of knowing accurately the amount and 
effect of all loads and stresses^ undAscoverahle and unavoidable 
defects in material and workmanship, and deterioration due to 
corrosion and wear. 

The distribution of the load and its possible future increase 
are nearly always more or less uncertain. Then too a structure, 
or certain parts, may be liable to receive accidental shocks as well 
as those w^hich are incidental to varying loads; these produce 
impact stresses which are especially uncertain (5). 

Even when the loads are definitely known, theory is fre- 
quently not adequate to the determination of the resulting 
stresses except upon certain assumptions. Unavoidable eccentric 
stresses are seldom calculated, but they have an influence upon 
the choice of a factor of safety. 

The factor of safety is always taken less for wind load 
stresses and for combinations of stresses which can only occur at 
rare intervals, than for other stresses. 

The factor of safety is always taken greater for materials 
which vary greatly in (]uality than for those which are uniform 
and may be depended upon to be nearly as determined by tests. 
The (lualities of stone, timber and cast iron are much less uni- 
form than those of steel and wrought iron. 

There will be imperfections in workmanship as well as in 
material which no pmount of inspection and testing can elimi- 
nate. Working stresses must be based upon available material 
and workmanship. 
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A steel structure over a railway will suffer much more from 
corrosion than one over a highway or one entirely enclosed. 
Neglect of repairs may result in injury to parts not subject to 
wear ordinarily. 

A temporary structure is given a smaller factor of safety 
than a permanent one for numerous reasons. 

The damage that would result from the failure of one 
structure or part might be much greater than from the failure 
of another. 

It is plain that the choice of a factor of safety depends upon 
the judgment of the engineer, and an inexperienced designer 
should be guided by precedent, which usually means by some 
standard specification. Specifications do not give factors of 
safety at all but working stresses directly, and those may vary so 
much that it is scarcely proper to speak of a factor of safety. 
Working stresses may be based upon the elastic limit instead of 
on the ultimate strength ; this is a rational basis if the material 
has a yield point or definite elastic limit. 

Specifications treat stresses in different ways, resulting in 
widely different working unit stresses, as illustrated below for a 
tension member of a truss for a railway bridge, designed in ac- 
cordance with three different specifications. The discrepancy 
in results is usually much larger. 





8TR RSS 


UNIT 


AREA REQl'IR'n 


Dead load 

Live load 


75300 
218500 


12000 

~ 20000 
10000 




Total 


293800 


24.48 sq. ins. 


Dead load 

Live load 


75300 
218500 


3.76 
21.85 




25.61 sq. ins. 


Dead load 

Live load 

Impact 

Total 


75300 
218500 
142000 

435800 


17000 


25.63 sq. ins. 



In the last case the working unit is applied to an equivalent 
static stress, while in the other cases an allowance is made for 
impact in the working stress, the allowance in the second case 
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being equivalent to 100% of the live load stress. In speeifica- 
tioLs of the last type, there is practically but one working unit 
stress, while in others there may be many ; in one case the impact 
is allowed for by varying the impact stress, and in the other (to 
some extent) b}' using different unit stresses for different parts*. 

The usual factors of safety for iron and steel structures are 
4 and 5, being 4 for buildings in general and for ordinary high- 
way bridges. For cast iron the factor of safety is usually taken 
as 8, in columns. The factor of safety for timber is* 4 to 10, 
depending on the kind of stress^ 

In any case, the factor of safety should be such as to bring 
the working stress well within the elastic limit. The important 
point is to have an equal margin of strength for all parts of a 
structure. 

25. Peculiar Properties of iron and Steel in tfie Non- 
elastic State. "When stressed beyond the elastic limit, iron and 
steel show some very interesting qualities. A stress which pro- 
duces an appreciable permanent set in a body is said to overstrain 
it. In order to understand the phenomena of overstrain, it 
should be remembered that with increasing ultimate strength in 
steel, there goes decreasing ductility, that is, less elongation. Steel 
of high ultimate strength is called hard steel. The ultimate 
strength of steel, in manufacture, is chiefly regulated by the 
pecentage of carbon— the more carbon, the harder the steel. Steel 
is also made harder by heating and quenching in a cooling bath. 
It has been found that overstrain also hardens steel in a remark- 
able way, but impairs elasticity, and if repeated often produces 
''fatigue.'' Rest and heat restore elasticity. 

26. Sliifting of tlie Elastic Limit. If a bar of steel or iron 
be stressed beyond the yield point, the stress removed, and then 
immediately applied again, it will be found that the elastic limit 
has been very much lowered but that the yield point has been 
raised, and is now equal to the maximum previous stress. If, 
however, a period of rest intervenes between the loadings, the 
elastic limit will also rise (time being an important factor) and 
may even reach the new yield point ; the yield point also rises a 



'For a comparison of the main features of a nnmber of railway 
bridge speciilcations see an article by the author in Engineering Ncwa^ 
Vol. 50, p. 444. 

"See "Cambria." 
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little^ The period of rest allows the metal to harden, and this 
hardening will be greater if, in place of relieving the stress, it is 
held stationary. It is thus possible, by repeated applications of 
increased loads, to raise the yield point nearly up to the point of 
rupture, at the same time raising the ultimate strength and de- 
creasing the ductility so that the fracture of a piece of soft steel 
will resemble that of hard steel. 

If the stress exceeds the elastic limit but not the yield point, 
the elastic limit is immediately raised, and by a repetition of 
such stress, the yield point is also raised. 

It has been found that if there has been overstrain in ten- 
sion, the elastic limit in compression is lowered and vice versa. 
If this lowered elastic limit is raised again by a stress producing 
a small permanent set, the elastic limit for the opposite kind of 
jstress falls to zero^. Ordinary periods of rest do not seem to 
have any effect in this case, but gradually increasing stresses, 
alternating between tension and compression, establish new 
elastic limits considerably lower than the original elastic limits. 
These have been called natural elastic limits, the original elastic 
limits being supposed to be artificially raised by the rolling of 
the metal. 

A very interesting method of restoring elasticity and raising 
the elastic limit is given in Ewing's Strength of Materials, 
**When a piece of iron or steel has had its elasticity broken down 
by overstraining, it will make a very complete recovery if heated 
for a few minutes to a temperature such as that of boiling water. 
When the overstrained piece has been immersed in a bath of 
boiling water it is found to have practically perfect elasticity 
up to a new yield point, which is higher than the load used in 
the process of overstraining." 

**A remarkable experiment may be made by taking a bar of 
mild steel and stretching it in the first instance just up to the 
primitive yield point, then heating it for a few minutes up to 
100°C to produce elastic recovery, then stretching it again just 
up to its new yield point, then heating again to 100° C and so on. 
Each step raises the elastic limit, and notwithstanding its natur- 

"See Bnrr's EfaHie^fy and Beshtanee of ihe Materials of EnfjU 
fleering^ Tfp, 247-250, for resxilts of exx)eriments made by Professor Baiisch- 
inger. For a statement of Banschmger's oondnsioDS, see Greene's S'fruc- 
tural Meohanics, p. 166. 

'For stress-deformation diagrams, showing these remarkable phe- 
nomena, see Johnson's Materials of Oonstruotion, Figs. 436 and 437. 
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ally plastic quality the bar may in this way finally be caused to 
break with a fracture resembling that of hard steel, with com- 
paratively little total extension or contraction of section at the 
fracture, and under a total load much greater than that which 
could be applied in an ordinary test." 

27. Hardening Effects of Non-elastic Deformation. After 
a piece of iron or steel has undergone a permanent set, it is 
hardened, that is, it is less ductile and its ultimate strength is 
increased. This hardening is of great practical importance, and 
may be considered a benefit as in cold-rolled or cold-drawn sliaft- 
ing and in wire for certain puposes, or an injury as in wire for 
other purposes, and in steel hammered or bent cold, or subjected 
to other severe treatment like punching and shearing. A very 
narrow strip of metal contigious to a punched hole or a sheared 
edge is hardened'so much as to make it brittle. Under stress, 
this hardened portion is not capable of deforming as much as the 
other metal, and therefore causes a non-uniform distribution of 
stress and a reduction of ultimate strength. The softer and thin- 
ner the metal, the less the injury; for the best class of work, it is 
the practice to remove this hardened part, in medium steel, by 
reaming out punched holes and planing off sheared edges. 

All of the effects of non-elastic stress may be much modified 
or entirely obliterated by annealing, that is, by heating to red- 
ness- and cooling slowly. Wire is annealed for certain purposes 
which require a soft wire and, in this manner, any piece whose 
uniformity has been disturbed by cold working or partial 
heating is restored. 

28. Fatigue of Iron and Steel. If in place of a few appli- 
cations of increasing stresses, as explained in Art. 26, many 
applications of the same stress are made, the elastic limit is raised 
if the stresses do not approach too closely the original ultimate 
strength, and will be raised considerably higher than the applied 
stresses if these are not very much above the original elastic 
limit*. With continuously repeated stresses above the rising 
yield point, rupture will finally occur at a stress much below the 
original ultimate strength, and with a fracture like that cf a 
brittle material or like that of a piece of steel with an artificially 



^Thiswas inTestigated by Banschinger; for the resxilts of his experi- 
ment's, see Unwin's T*ie Testing of the McUerialB of Oonttruction, Chap- 
ter XH 
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raised ultimate strength, as explained in Art. 26. This is the 
more remarkable because if a piece brought nearly to the point 
of rupture in this way, is tested in the ordinary way, it will show 
no loss of strength or ductility. This corresponds with practical 
experience for it has been noticed that failures occur after many 
years of service, yet when such metal is tested in the ordinary 
way, it shows no loss of strength. What the nature of the 
deterioration is, has not been satisfactorily explained, but it is 
called fatigue.^ There seems to be no alteration of structure 
except just at the surface of fracture. 

''Fatigue" experiments have been made by Woehler^, Spang- 
enber^;'^, Bauschingei*, Baker*, and others, hut further experi- 
ments are necessary to satisfactorily settle some disputed points. 
All these experiments show that the number of repetitions of a 
variation of stress, which a piece of metal will endure before 
rupture, depends upon the range of stress ; the range of stress is 
the greater the further the maximum is from the ultimate 
strength. If for bar iron, for example, the range of stress is 
from to about 32000 lbs per sq. in., it will stand from five to 
ten million repetitions; in order to stand as many repetitions 
when the upper limit is 49000 lbs. per sq. in., the range of stress 
must not exceed about 19000 lbs. per sq. in., that is, it will be from 
30000 to 49000 lbs. per sq. in. The range of stress for stresses 
alternating between tension and compression is the sum of the 
two, and, in this case, for equal resistance, each stress is somewhat 
more than half of that for stress of one kind with a lower limit 
of zero. 

The experiments also show that for stresses within the clastic 
limit or yield point (natural elastic limits for alternating 
stresses), there is no ''fatigii^/' The yield point should, there- 
fore, be considered the limit of strength as stated in Art. 23. 
Since it has been the custom to base working stresses on the 
ultimate strength, it was the practice of some engineers to base 

^Prof. Jolmson, in his Afaffriah of Construeffnn, Cliapter XXVII, 
explains "fatij^ne" by saying tliatsomeof the millions of incipient de- 
fects or " micro-flows" gradually extend their weakening influence. 

*See Unwinds The TesHnn of Maferinh of Construction and the 
Trannnctions of the American Society of Civil Evginrera, Vol. 41, p. 222. 

^ee Burr's Elasticity and Resistance of the Materials of Engi^ 
neering, p. 844. 

^^e^VjiYmi^B The Testing of Materials of Construction and Greene's 
Stmctural Mechanics^ p. 160. 

' See Unwin's The Testing of Materials of Construction 
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working stresses for bridges upon the range of stress in order to 

take account of '*fatigue/' but this has been largely abandoned. 

According to this practice, working stresses were determined 

from a formula commonly called the Launhardt Formula, which 

for stresses of one kind was of the form 

, . . /i I miuimum streps \ 

working stress = a II -A . 7 ) 

^ \ ' maximum Btress/ 

which usually also provided for impact and such other things as 
a factor of safety makes provision for, **a'' being a constant 
depending upon the judgment of the engineer writing the speci- 
fication. Since working stresses are always taken well within 
the elastic limit, ** fatigue" need not be considered in designing 
structures; moreover, the influence of periods of rest between 
loadings must be considerable^. Some engineers who used the 
** Launhardt Formula" neglected ** fatigue," but used this for- 
mula as an impact formula. There have not been enough experi- 
ments like those mentioned in Art. 5 to determine the proper 
allowance to make for impact stresses in bridges. 

It is generally agreed that if sufficient impact stress is in- 
cluded with dead and live load stresses, a working stress equal to 
about half the elastic limit affords ample security when good 
steel is used. 



*For an extensive discussion of this whole matter, see the 7Van«ao- 
tiona of the American Society of CivU Engineers^ Vol. 41, p. 166. 
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1. Which is the more important to the designer, the elastic 
limit or ultimate strength? 

2. If a floor carrying a constant load were supported by 
steel rods, what objection would there be to having the stress in 
these rods exceed the elastic limit? What objection would there 
be to having the stress in a member of a truss exceed the elastic 
limit? 

3. What is the difference between natural elastic limit, true 
elastic limit, limit of proportionality, yield point, and commercial 
elastic limit? 

4. Name three materials that do not strictly follow Hookers 
Law and one that does, but does not have a yield point. 

5. Why does a piece of steel pulled in a testing machine 
break, if the load does not increase up to the time of rupture? 

6. What is the total resilience of a piece of steel 8" long 
and h sq. in. in cross section, if its ultimate strength is 60000 
lbs. per sq. in., its elastic limit 30000 lbs. per sq. in., and its 
elongation 2"? Ans., 50000 in. lbs. 

7. Up to what point are deformations practically perfectly 
elastic? Between what points are they wholly permanent? 

8. Name four substances that will show definite failures 
when tested in compression, and five that will not. 

9. What conditions have a marked influence upon the value 
of the ultimate strength in compression? 

10. Why is the yield point the limit of strength for the 
purposes of the engineer? 

11. What experiments upon the strength of American tim- 
bers have been the most extensive? 

12. What values for the ultimate strength in tension, com- 
pression and shear does Rankine give for wrought iron? 

13. What material has an ultimate strength in compression 
greater than that in tension? And in what material is this 
relation reversed? 

14. When may the factor of safety for dead and Hve load 
stresses be the same? 

15. Why are factors of safety for stone, timber and cast 
iron taken greater than for steel? 

16. Why should not a highway bridge have as large a factor 
of safety as a railway bridge? 

17. Why is the factor of safety for wind stresses taken 
smaller than for other stresses? 
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18. Does a *' factor of safety of 5 " mean that it would re- 
quire five times the calculated stress to cause failure? 

19. What factor of safety would you use in designing the 
girders for a traveling crane? 

20. In what ways may steel be hardened? Is it possible to 
harden steel without increasing its ultimate strength? 

21. How great must be the intensity of stress in a steel bar 
to impair its elasticity? How great to raise the elastic limit? 

22. In what case do ordinary periods of rest not restore 
impaired elasticity? How may elasticity be quickly restored 
without lowering the }'ield point? 

23. Is the metal near a punched hole hardened more on one 
side of the plate than on the other? See Johnson's Materials of 
Con^tnictioUy Chap. XX\1. * 

24. WTiat is annealing and v/hat effect does it have? ' 

25. What effect v;ould a very large number of repetitions 
of stress, above the elastic limit and below the yield point, have 
upon the ultimate strength? WTiat upon the elastic limit? How 
does this correspond with the effect of a single stress? 

26. What does the "Launhardt Formula '' take account of? 

27. WTiat would be a good working stress for dead load 
stress alone? For equal equivalent static alternating stresses? 

28. \Miat working, stresses would you use in designing a 
railway bridge? 
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CHAPTER III. 

THE LAWS OF EQUILIBRIUM AND THEIR APPLICATION. 

29. The Problem. The problem to be considered is thnt of 
keeping structures and their parts at rest or in equilibriuni. In 
order to hold a structure in eciuilibriura, it is necessary that the 
external forces acting on it shall be in equilibrium. In order that 
any part of a structure shall be in equilibrium, it is necessary 
that the internal forces (stresses), or internal and external forces 
acting on it shall be in equilibrium. This is a problem in statics 
(if the structure is statically determinate) ; the unknowns are the 
reactions and the stresses, and these are determined so as to 
satisfy the condition of equilibrium by means of the simple laws 
of equilibrium expressed in the form of equations. 

If ail the external forces acting on a structure are fully 
known, the stresses in it can be found, and from these the defor- 
mation of any part or the deflection at any point. The external 
forces should, therefore, be determined first 'y these are the loads 
and reactions. 

Live loads for bridges and buildings are usually taken from 
standard specifications; dead loads must be estimated when not 
specified, and are taken uniformly distributed or concentrated, 
depending upon the construction. Having the loads, the reactions 
at the supports and the stresses are determined by the application 
of the laws of equilibrium. Before stating these certain proper- 
ties and relations of forces will be defined. 

JO. Properties and Relations of Force«. Three things are^ 
necessary to fully determine a force ; its magnitude, its point of 
application, and the direction in which it acts. The point of 
application is not important, and may be considered to be any 
point in the line of action of a force. The litie of action of a force 
is a line of indefinite length, passing through the point of appli- 
cation in the direction of the force, any p^rt of which laid off to 
some scale will represent the magnitude of the force ; an arrow 
placed on the line representing the force fuUy determines the 
direction in which the force acts. Only co-planar forces— forces 
whose lines of action are in the same plane— will be considered. 

35 
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PROPERTIES AND RELATIONS OF FORCES. Art. 30 




Concurrent forces are those whose lines of action intersect 
ill one point. 

The moment of a force is a measure of its tendency to rotate 
a body about an axis or a point, and is equal to the magnitude of 
the force multiplied by the perpendicular distance of its line 
of action from the axis or point (foot-pounds or inch-pounds). 

The center or origin of moments is the point about which 
any force may have a tendency to turn a body. 

The lever arm ot n force is the perpendicular distance from 
its line of action to the center of moments. 

In Fig. 17, the moment of Ri about 
e is R^y^ae ; of P about e is P^de ; and 
of R^ about D is R^X^d or R^XAD. 

A couple consists of two equal and 
parallel forces acting in opposite direc- 
Fig. 17. tions. The moment of a couple, is the 

same about any point in its plane, and is equal to one of the equal 
forces multiplied by the perpendicular distance between their 
lines of action. Fig. 18 shows two parallel 
forces P acting in opposite directions, forming 
a couple. Take any point whatever as a and 
draw a line from it perpendicular to the lines 
of P. The total moment about a is equal to , 
the algebraic sum of the moments of each force 
taken separately. 

Pyad—PXah^Piad—ah) =pyhd. 

Taking any other point as c, the total moment is 

Pycd-\-Pycb = Picd+ch) =Pybd. 

If either 6 or d be taken as Ihe center of moments, the mo- 
ment of one force becomes zero and the total moment is again 
Pybd. This exhausts all the possible cases, and proves that the 
moment of the couple is Pybd for any center of moments. 

Equivalent systems of forces are such as may be substituted 
for each other without changing the effect. 

The resultant of a system of forces is the simplest system 
that is equivalent to it. The resultant of any member of co-planar 
forces is a single force or a couple. See Art. 34, 

The equilibrant of a system of forces is the simplest system 
that will hold the given system (or its resultant) in equilibrium. 
If the resultant is a single force, the equilibrant is in every re- 
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Fig. 18. 
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spect the same except that it acts in the opposite direction. If 
the resultant is a couple, it is only necessary that the equilibrant 
be a couple of equal moment tending to turn in the opposite 
direction ; the forces of the two couples may make any angle with 
each other and be of diiferent magnitudes. In Fig. 18, if P=1000 
Jbs. and 6d = 5 ft., th? moment of the couple is 5000 foot-pounds, 
and it can be held in equilibrium by ianother couple acting on 
the same body in the opposite direction, located giny where in the 
same plane, so long as the moment of the latter is 5000 foot- 
pounds. ; for example, by forces of 5 lbs., 1000 ft. apart or 100 
lbs., 50 ft. apart. 

No single force can hold a couple in equilibrium^ and no 
^ , r single force can be an equivalent of a 
^s^^^ j couple. A simple case is that shown in 
^^^^"^""Vy I Fig. 19, where the wind load P produces 

the reactions H whose sum equals P thus 
forming a couple; another couple must act 
at the supports, and its moment is Vft = Pa. 
Fig. 20 shows an exactly similar case. If 
there be more than one parallel load, the 
resultant of the loads with the direct re- 
action will form a couple, thus reducing to 
Fig. 19. the same case. 

In Fig. 20, if the wind force P were just sufficient to over- 
turn the car, the right-hand reaction V would be zero, and the 
resisting couple would be the weight of the car acting at its 
center of gravity, and the upward pressure of the Jeft-hand rail 
V, In this case V would equal W, the weight of the car, and 
the arm of the couple would be ^ b. 

The components of a force are any 
forces of which the given force is the 
resultant. It is often convenient to re- 
solve a force into two components, es- 
pecially two components at right angles to 
each other. It is also sometimes conven- 
ient to work with the resultant of two or 
more forces in place of the forces them- 
selves. 
Fig. 20. 
31. Two Forces in Equilibrium. Jn order that two forces 

may be in equilibrium, it is not only necessary that they be equal 
and act in opposite directions, but they must have the same line 
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Fig. 21. 



of action ; if their lines of action be parallel, they form a couple 
which will produce rotation, 

32. Three Forces In Equilibrium. The resultant of two 

/^^.^ forces is shown in magnitude and direc- 

,,,.^^'^'\_^_3,.-^ tion by th§ diagonal of a parallelogram 

whose adjacent sides represent the given 
forces in magnitude and direction as 
shown in Fig. 21. The equilibrant is 
the same as the resultant except that it 
has an opposite direction. It is, how- 
ever, necessary that the line of action of 
R or E pass through the point F, the 
common point in the lines of the com- 
ponents Pi and P,. 

The resultant or equilibrant may 
also be found by simply constructing 
one of the triangles ABC or ACD, Fig. 
21 (6) and (c). It is necessary that the directions of the given 
forces follow each other. Fig. 21 (d) shows a wrong construction 
because the directions of Pi and Po are opposite in going around 
the triangle. 

A triangle which represents three forces in magnitude and 
direction is called a force triangle. It is evident that the force 
triangle does not represent the location of the forces with respect 
to each other. 

If the forces in a force triangle all have the same direction 
they represent a concurrent system in* equilibrium, and any one 
force is the equilibrant of the other two. If the direction of any 
one is opposite to that of the other two, it is their resultant. It 
follows that a component may be greater than a resultant. 

Although the force triangle represents concurrent forces, it 
is, nevertheless, the foundation of graphic statics, as will be seen 
by what follows; by its means the resultant of any number of 
forces may be found, first finding the resultant of two of them, 
then the resultant of this resultant and a third force, and so on. 

Three non-concurrent forces can not be in equilibrium, be- 
cause the resultant of two of them would have to be equal to the 
third and in the same line of action; this makes them con- 
current because the resultant passes through the point of inter- 
section of the lines of action of the first two. Fig. 22 shows 
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Fig. 22. 



three non-concurrent forces Pi, P-, 
and Pg forming a closed triangle, bnt 
these cannot be in equilibrium be- 
cause even if Pg should happen to be 
equal and opposite to 5, as shown, 
they form a couple. If Pj intersects 
R, the triangle will not close. 

Three parallel forces may, however, be in equilibrium, as 
is clear in the case shown in Fig. 17; they may be considered 
concurrent, intersecting at infinity. 

It is important to note that when three forces are in equi- 
librium, their lines of action inter- 
sect in a point. In Fig. 23, P is the 
resultant of the wind load on one 
side of a roof; it is desired to de- 
teniiine the reactions i?i and iJ^ ap- 
plied at A and B so that K2 will be 
vertical. R^ passes through C be- 
cause the three forces are to be in 
equilibrium. Now the force tri- 
angle may be drA^vn, because one 
side P, and the directions of all are 
known. This determines the mag- 
Fig. ::3. nitudes of R^ and JKj as shown. 

33. Four Forces in Equilibrium. If four forces are in 
equilibritim, the resultant of any two must be the equilibrant of 
the other two. This is evident for concurrent forces. For non- 
concurrent forces see Fig. 24. The directions of the four forces 
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Fig. 21. 

Ply Pa, Bj, and i^i, and the magnitude of one of them, say P^, are 
known. The resultant of Pj and R^ passes through D and must 
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te the equilibrant of /?i and Pj ; it must, therefore, pass through 
C also. Draw the two force triangles 123 and 453 (with B as a 
common side), in the order in which the lines are numbered; the 
intersections determine the magnitudes of Pj, Ri and JBj. We 
thus have a force quadrilateral^, the diagonal line representing 
two equal and opposite forces. 

This procedure evidently does not apply when the forces are 
parallel. For a method of solution which will give Bj^ and fi, 
and the direction of B^y when Pi and P, are fully known, see 
Art. 46, Fig. 39. 

34. Any Number of Forces in Equilibrium. Fig. 25 shovins 
a body acted upon by the force P at m. If at 
any point n, two equal and opposite forces par- 
allel to the line of P and each equal to P, be in- 
troduced they can not change the effect. P Ls 
then equivalent to a force P parallel to it acting 
at any point n and a couple whose moment is Pa. 
It follows that any force may be considered as 
acting parallel io itself through any point if a 
-couple is introduced whose moment is equal to the product of 
the force into the dis- 
iance through which 
it has been supposed 
to be moved. This prin r~- 
ciple is of much prac- 
tical importance. 

Fig. 26 shows a 
number of non-con- 
current forces which 
have been treated in 
the above manner ; 
each one has been 
shifted to a common 
point 0, so that there 

results a system of ^ 

Fifp 26 
concurrent forces and ® • 

a system of couples- The system of couples may be reduced to a 

jsingle couple (30) whose moment is 

M=^P^a^—P2a2—Pz(^A'\-l\(^*, etc. 

'This is the method of C/ulmann, the founder of graphic statics. 
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The concurrent forces may be reduced to a single force R. 
See Fig. 26(c) and Art. 35. 

Any number of non-concurrent forces are, in general, equiv- 
alent to a single force and a couple. These are again reducible 
to a single force unless i? = 0, in which case the resultant is a 
<5ouple. 

In the special case when 1? = 0, the resultant is a couple, 
and in the special case when .¥ = 0, the resultant is a single 
force (30). 

FOR COMPLETE EQUILIBRIUM 

K = SLndM = 0. 

These conditions will now be shown graphically, remember- 
ing that R refers to the concurrent forces and M to the couples. 

35. Force Polygon. The resultant R will now be found, 
that is, the resultant of half the forces at in Fig. 26. This may 
be done by means of the force triangle (32). In Fig. 26(c) the 
resultant of P^ and Pz is R^ ; of R^ and P^ is R^ ; of R2 and P^ is 
-K. The given forces are not in equilibrium since their resultant 
is not zoro. The equilibrant is ea. It is important to note that 
the given forces must be drawn so as to follow each other in 
direction in each triangle, and this results in having their direc- 
tions the same around the polygon abcdea, when E is one of them. 
This polygon is the j?K)rce polygon and it follows that, 

When a number of forces form a closed polygon, they are in 
equilibrium if their directions around the polygon are the same 
(clockwise or anti-clockwise) ^ and any one is the equilibrant of 
<M the others. If any one force has an opposite direction to that 
of all the others, it is their residtant. 

It is evidently not necessary, in drawing a force polygon, tq 
draw the intermediate resultants, R^, fia? ^tc, but only to lay out, 
in magnitude and direction, one force at the end of the preceding 
one. If the polygon closes the forces are in equilibrium ; if not, 
the closing line will be the equilibrant or resultant. If the forces 
iad been numbered in a different order, the appearance of the 
polygon would have been entirely different, but the equilibrant 
would have been the same (Fig. 26c). 

It remains to find the value of M if the forces are non- 
concurrent. If they are concurrent the point (Fig. 26) may 
be taken at their common point of intersection, in which case the 
arms a of the couples all become zero and M = 0. For concurrent 
forces, therefore, the number of independent equations of equili- 
hrium is one less than for non-concurrent forces. 
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36. Location of Resultant. The resultant of P^, P^, Pg, and 

P4 is easily located in 
the space diagram 
Fig. 27; for the re- 
sultant of Pi and Pj 
must pass through m 
and be parallel to R^ 
in Fig. 26(c); the 
resultant of R^ and 
P3 must pass through 
n and be parallel to 




Fig, 2: 



R2 in Fig. 26(c) ; and the resultant of jBj and P4, which is the 
resultant of all the given forces in this case, must pass through o 
parallel to -K or ea -, m no p is the resultant polygon. If a force 
equal to JS" is applied in the line op, there will be complete equi- 
librium. // it is applied parallel to op, as in qr, the resultant 
is a couple, because E is equal to R, If it is applied at an angle 
to op, the force polygon ^vill not close and there will be neither 
equilibrium of translation nor of rotation. 

When the forces are parallel, or when the intersections m, 
n, o fall beyond the drawing, this method of locating the resultant 
fails. A method which is applicable in all cases will now be given. 

37. The String Polygon. In Fig. 28 there are four nearly 
parallel forces. The force polygon gives the equilibrant E^ or 
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Fig. 28. 

the resultant R, in amount and direction. But to find the 
location of E or R in the space diagram it is necessary to 
resort to what is known as the string polygon, because the 
forces are so nearly parallel that their intersections will not 
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fall within the limits of the drawing. Two forces, 1 and 2, may 
be introduced at any point A in the line of action of Pj, such 
that they will equilibrate Pi. This may be done by drawing any 
convenient force triangle aOh and the lines through A parallel to 

1 and 2 {(Ja and 60). The arrows within the triangle show the 
proper direction for equilibrium 

Where the line of 2 intersects Pj (at JS), introduce two forces 

2 and 3 such that they will equilibrate P, and one of them 
be equal and opposte to the force 2 used at Pj. These will 
be the forces 2 and 3 from the force triangle hOc. In a like manner 
Pj and P4 are equilibrated by the force 3 and 4 at C, and the 
forces 4 and 5 at D from triangles cOd and dOe, There remains 
yet unbalanced only forces 1 and 5 and therefore the equilibrant 
of these must be the resultant of the whole svstem. It must 
be equal to R of the force polj^gon and must pass through G, 
the intersection of strings 1 and 5, in the space diagram. Since 
11 passes through G for complete equilibrium, E must pass through 
G in an opposite direction. If E were parallel to R, as shown 
in Fig. 28, the resultant would be a couple, because E^R \w 
the force polygon. 

The polygon ABCDOA is called a string polygon^', its sidej 
are the strings, and these are drawn parallel to the components 
1, 2, 3, etc. of the force polygon, which are called rays. The point 
is called the pole. The last line drawn in the string polygon 
is called the closing line, since it closes the polygon if all the 
forces are in equilibrium. If the last and first strings do not 
intersect on the line of one of the forces, there can not be equili- 
brium, for they represent the lines of action of forces in the force 
polygon, which form a triangle. Therefore, when the string 

POLYGON CLOSES, THE RESULTANT IS A SINGLE FORCE; WHEN THE 
FORCE POLYGON CLOSES, THE RESLTLiTANT IS A COUPLE; AND WHEN 
BOTH POLYGONS CLOSE, THE RESULTANT IS ZERO— THERE iS COM- 
PLETE EQUILIBRIUM, THAT IS J? = AND M = 0. 

The pole is so chosen as to give good intersections (not 
acute) in the string polygon for locating the points By C, etc. 

The above demonstration may be carried through by re- 
solving each of the given forces into two components ; the arrows 
on the rays will be reversed. 

38. Properties of the String Polygon, The string polygon 
represents only lines of action of forces whose magnitudes are 

^Also called a funicular polygon and an equilibrium polygon. The 
force polygon is also an equilibrium polygon. 
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given in the force polygon. Forces are scaled from the force 
polygon and distances from the space diagram, or string polygon. 

An infinite number of string polygons maj- be drawn in a 
given case, because the point A (Fig. 28) may be taken anywhere 
in the line of action of P^, and the pole may also be chosen at 
any convenient point, but the point G will always fall upon the 
line of action of E if there is complete equilibrium. The strini? 
polygon is simply a device for locating the point G, If the 
directions of the components are carefully noted, it will be found 
that they all balance each other; for example, 1 acts toward ^ 
as a component of Pi and away from as a component of E. 
This means that if the string polygon were a frame there would 
be stresses in it equal to the components 1, 2, 3, 4 and 5 (7). 
(Compression in AG ; tension in AB), Such an imaginary frame 
is useful in finding reactions as will be explained later (47). 

If the five forces of Fig. 28 are in equilibrium, any one may 
be considered the equilibrant of all the others (35), and any 
string may be considered the closing line of the equilibrium poly- 
gon. It is evident that the equilibrant of P^, Po and P, woul<? 
pass through the intersection of the lines of action of 1 and 4, 
and of Pj and Pj, through the intersection of the lines of 1 and 3. 

Further properties of the string polygon are explained in 
Chapters IV and V. 

Fig. 27 shows a string polygon which results when the pole 
is chosen at one of the apexes of the force polygon; it is called a 
resultant polygon. The pole is at a Fig. 26 (c). 

39. The Laws of Equilibrium. To insure equilibrium 
among the forces acting upon a structure or upon any part of it, 
as explained in Art. 29, it is only necessary to write the equations 
of equilibrium and solve for the unknowns. These equations are 
the very foundation of the whole subject, and are given in Art. 
34 ; for practical application, however, they are stated as follows : 

1. S HORIZONTAL COMPONENTS = 0. (5) 

2. S VERTICAL COMPONENTS =0. (6) 

3. S MOMENTS =0. (7) 

or 

1. S Components acting: toward the ri^lit = 
S *• ** «* «• «• left. 

2. S ** ♦• •• up = 
S ♦• *• *♦ down. 



(5a) 
(6a) 



3. S Clockwise Homents = S Anli-doclcwise Honients. (7n) 
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J* — Hhor.e o mp . n 



The terms '^horizontar* and 'Werticar' are used because 
the loads which act on structures are usually weights which act 
vertically, and because it is usually convenient to resolve inclined 
forces into horizontal and vertical components, but it is under- 
stood that the terms may be applied to any forces at right angles 
to each other. 

That equations 5 and 6 make JS = is shown in the force 
polygon, Fig. 29. 

Forces (or components) or 
moments acting in opposite direc- 
tions to have opposite signs in any 
member of the above equations. 
It is burdensome to use an adopted 
H' '^"^^.^ / convention with regard to signs, 

' ^^ ' and it is usually convenient to 

place the known quantities on one 
side of the equation and the unknowns^ 
Fig. 29. whose directions may not he knovm, 

on the other side. To illustrate the rule, the simple case shown in 
Fig. 17 gives 

R^+R^ = P or R,—P+R^ = or P—R^—R^ = 0. 
Knowing the line of action of a force but not its direction, 
it may he entered in the equation of equilibrium with a + sign, 
upon the assumption that it acts in the corresponding direction; 
if the solution makes a — quantity of it, it acts in the opposite 
direction from that assumed. 

40. riethodsof Application of tlie Equationsof Equilibrium. 

Having wi'itten the equations of equilibrium, it becomes a simple 
matter to calculate stresses. But the beginner will find his great- 
est diflRculty in writing these equations. To do this successfully 
requires the strictest adherence to some method. The following 
is an outline of a method which is easily remembered, and it is 
very essential to remember to apply it : 

1. Make a good sketch (preferably to scale) giving all the 
elementary dimensions of the structure, and completely locating 
all loads by means of proper dimension lines not confused with 
anything else. A poor sketch is usually misleading, and the time 
used in making it, worse than wasted. 

2. Take time to consider the problem in all its bearings. 
Time spent in deciding upon a method of attack is always well 
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spent, while a blind attack results in failure and disappointment. 
The simplest method is also usually the one requiring the least 
work and is, for that reason, the safest. 

3. Keep all solutions in neat shape, avoiding confusion-, 
mistakes will be easier found and corrected. For this pui*pose it 
is necessary to have always an extra sheet of scratch paper. 

4. Consider the reasonableness of the result. Even a be- 
ginner ynW have some bounds beyond whch a result will appear 
unreasonable, and with experience these bounds are very much 
narrowed. See that results are in proper units. A force times 
a distance can not equal pounds. 

5. Use no short cuts. Short cuts come with practice, but 
with a beginner they lead to mistakes and useless work. 

6. Use some check. A check may consist of a rough in- 
spection of the numerical operations, the determination of an 
unknown by two different methods, a solution by another method, 
a reversed solution, a comparison of various results, a comparison 
with a solution of a similar problem, or a repetition of the work. 
It is not a sin to err, but it is a sin to allow the error to remain 
undiscovered, and sometimes the consequences may be serious. 

7. Avoid useless refinement. An error of 50 lbs. in a stress, 
as calculated from the assumed data, (for a bridge or a building) 
is much to be preferred to having such stress expressed in odd 
figures or fractions of a pound. Some judgment should be 
brought to bear in such matters. 

8. For each unknown, decide upon a method of application 
of the equations of equilibrium and adhere to it. The unknowns 
are the magnitudes of reactions and stresses and sometimes also 
the directions of the reactions. It is not necessary to adhere to 
one method of application in a particular problem, but it is very 
essential not to get them confused in getting a particular 
unknown. 

The equations of equilibrium may be applied in six ways, 
namely, algebraically^ or graphically, 

1. TO THE STRUCTURE AS A WHOLE. 

2. TO ANY ONE JOINT. 

3. TO ANY PART OF THE STRUCTURE CUT 

OFF FROM THE REST. 

The first method considers the whole structure in equilibrium 

i'*AnaljticallT** is sometimes used in place of this term, but both 
methods are analytic. 
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and is, therefore, applicable for finding reactioTis only. These are 
evidently independent of the shape of the structure, and may 
often be conveniently gotten by considering one or more result- 
ants of the loads, in place of the loads themselves. 

The conditions at the supports must be known. If a beam, 
supported at its two ends, for example, is not free to move longi- 
tudinally at one support, the reactions are statically indetermi- 
nate, and it is useless to write ecjuations of equilibrium ; but the 
assumption of such freedom is usually on the safe side. 

The second method evidently applies only to trusses but both 
stresses and reactions (in certain cases) may be gotten by its 
means. The forces dealt with are concurrent, their lines of action 
meeting at the center of the joint. In this method only two of the 
equations are independent as explained in Art. 35. For an ex- 
planation as to which equations to use, see Art. 41. 

The third method is called the method of sections, and is 
applicable in finding stresses in all sorts of structures and the 
only method for finding stresses in simple beams and girders. 

If a structure is cut in two by a plane or curved section, 
either part must be in equilibrium, if the forces cut off are con- 
sidered like external forces. This method, then, reduces to the 
first method, the only difference being that in one case the whole 
structure is considered and in the other a part of it. It may also 
be considered to reduce to the second method when the part cut 
off includes but a single joint. 

It is very important to leave out of consideration altogether 
any forces acting on that part of the structure which has been 
discarded, and to include all those acting on the other part — loads, 
reactions and stresses. To avoid confusion the beginner should 
invariably erase the discarded part, or place a piece of paper over 
it when writing the equations of equilibrium. 

It is evident that, since a section may be taken through any 
part of the structure, as many sections as are necessary to find 
all stresses desired may be made successively. It is useless, how- 
ever, to consider any section cutting more than three unknowns, 
because there are but three independent equations. 

41. Which Equations of Equilibrium to Use. A choice may 
be made of any of the following combinations of the equations 
of equilibrium in solving for three unknowns. 
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1. Two resolution and one moment equation. 

2. One resolution and two moment equations^. 

3. Three moment equations^. 

Since there must be equilibrium for any center of moments, 
it is plain that an infinite number of moment equations may be 
written. That any three of them or any two of them are inde- 
pendent is not so apparent from what precedes. If the moment 
sof the resultant is zero for any point, it can not be a couple, be- 
cause the moment of a couple is the same for every point. If the 
sum of the moments is zero for two different points, therefore, the 
line of action of the resultant passes through these points; this 
fixes its direction ; it remains to impose another condition makiner 
it equal to zero. If the moment of the resultant is zero for any 
point not in its line of action, the resultant must be zero ; or if it 
has no component in any one direction it is zero ; it has no com- 
ponent in one direction if the forces are in equilibrium and the 
components are inclined to it or parallel to it. 

Graphically combinations 2 and 3 are (5? no importance, 
because they involve more labor than the first combination. 

It is plain that, with the exceptions noted, any one of the 
three combinations of the three equations of equilibrium may be 
used ; it is simply a matter of convenience. The applications will 
be illustrated under the different methods. 

When the forces are concurrent, there are only two inde- 
pendent equations, as follows : 

1. Two resolution equations. 

2. One resolution and one moment equation. 

3. Two moment equations. 

These equations have various advantajres and disadvantages 
in their practical use. The resolution equations involve the deter- 
mination of sines and cosines, while the moment equations involve 
the calculation of moment arms. Except in special cases, tHA 
unknowns are found by elimination between several resolution 
equations, while a moment equation may always be written con- 
taining but one unknown, if the center of moments is chosen upon 
the line of action of an unknown force, or at the intersection of 
two unknown forces. The moment equations are the simplest for 

^The centers of moments must not be in a line perpendicTilar to the 
components. 

The centers of moments mnst not be in the same straight line. 
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such unknown stresses whose fever arnis are equal to some elemen- 
tary dimension of the structure. Lever amis may sometimes be 
taken by scale from a proper drawing— this should be done in any 
ease as a check— when the method becomes partly graphic. A 
combination of resolution and moment equations is usually the 
most convenient for many structures. 

42. Statically Indeterminate Cases. In general, the three 
equations of equilibrium will suffice to determine three unknowns. 
These may be the magnitudes or directions of three forces, the 
magnitudes of two and the direction of one, or the directions of 
two and the magnitude of one. If there are other unknowns the 
structure is satically indeterminate unless geometrical conditions 
yield a further relation between unknowns; for example, it is 
sometimes evident that two unknowns are equal. 

If the conditions of concurrency or parallelism are imposed 
upon the forces, only two unknowns can be found as explained in 
Art. 35. It follows that two stresses may he determined at each 
joint of a truss. It does not follow, however, that a structure is 
statically indeterminate, if by proceeding from joint to joint, a 
joint is found where there are more than two unknown stresses ; 
it depends upon the total number of unknown stresses and the 
total number of joints. If j is the number of joints in a truss, 
2 j unknowns may be found ; if it is supported at its ends, it will 
reciuire, in general, three equations to determine the reactions. 
Therefore, if the 

number of membera is less than or equal to 2j— 3, . (8) 

the truss is sta- 
tically determi- 
nate. This is 
i 1 1 u s trated in 
the truss of Fig. 
30. For any 
system of loads, 
the reaction R^ 
Fig. 30. having been 

calculated, stresses 1 and 13 may be found at joint 1; there 
remain then two unknowns at joint 2 which may likewise be de- 
termined. The same procedure applies at joint 13 after which 
there remain three unknowns at joints 12, 3 or 4 and four at 
joints 14 or 5 but the truss is not statically indeterminate because 
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2 i — 3 = 30 — 3 = 27 = number of members. If another mem- 
ber were added without adding any more joints, it would be 
indeterminate. The stresses in this case are easily gotten by us- 
ing a combination of the second method with the method of 
sections (56). 

Statically indeterminate structures are generally avoided. 
The distribution of stress in them depends upon the relative 
stiffness of their parts. The stresses are determined by means of 
the principle of virtual work or least work. See Chapter XVIII.i 

43. Comfmrison of Graphic and Alsfebraic Methods. In 

comparing graphic and algebraic methods, it should be under- 
stood that the slide rule is used in the latter by all experienced 
calculators, and that the matter of relative accuracy is unimpor- 
tant, excepting certain graphic solutions. If two lines make an 
acute intersection with each other, the point of intersection can 
not be accurately located, and the resulting error may be too 
great. The same objection holds for intersections found by means 
of long lines whose directions may be slightly in error. These 
objections arise particularly in the use of the string polygon, but 
the force polygon is its own check, for it will not close if the work 
is not accurate. With careful work, proper instruments, and 
proper scales, it is seldom necessary to redraw a force polygon. 

The greater the number of different inclinations of forces 
(external and internal) to be dealt with, the more the use of the 
graphic method is to be commended, and the greater the liability 
to error in the algebraic method. The more angles there are to 
deal with, the more laborious the algebraic methods become, while 
this has no effect in the graphic method, except as it makes the 
diagrams somewhat more irregular or complicated. 

An experienced calculator will use the graphic methods less 
than an inexperienced one, because he is familiar with the method 
of calculating stresses in certain kinds of structures and is there- 
fore less liable to make mistakes and errors, and because it re- 
quires considerable time to get paper, instruments, etc. ready to 
use the graphic methods. 

Oraphically, the method of applicatjpn of the equations of 
equilibrium to any one joint is, by far, the most important, be- 
cause it deals wnth force polygons, and the method of sections is 
the least important. 

- * Pjrof. Heller died before the completion of this book. 
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The advantages and disadvantages of the two methods for 
finding reactions and the four methods for finding stresses, to- 
gether with those resulting from the use of the different equations 
of equilibrium, will be brought out in what follows. 

44. Rules to be Observed in the Use of the Oraphic flethods. 
In order to measure forces, it is necessary to use a scale. For this 
purpose a decimal scale (an engineer's scale) is necessary— one 
divided into tenths, twentieths, thirtieths, fortieths, fiftieths and 
sixtieths of an inch. It is not necessary to know how many pounds 
an inch represents, but the scales for distances and forces should 
be given on the drawing as a '* scale of 10,'' a ** scale of 40," etc. 
By placing the given scale upon a line representing a known 
quantity, it is at once apparent how an unknown quantity should 
be read. 

The scaling of stresses should not be complicated by requir- 
ing scaled distances to be multiplied or divided by 2, 3 or 4, ex- 
cept that, when convenient, such a scale may be chosen as will 
require scaled stresses to be multiplied or divided by two. Stresses 
should be scaled as closely as may be, estimating between divi- 
sions. Good instruments should be used. Triangles and straight 
edges should be tested before using. Soft paper should be 
avoided. 

Truss and stress diagrams should not be drawn on separate 
sheets, and for all ordinary problems the sheet need not be larger 
than 8"xlff', and the diagrams should not be allowed to run off 
the sheet. A little preliminary sketching will serve to indicate 
where a diagram should be started. 

Prick points made with a fine needle point should locate 
all intersections. 

A well sharpened hard pencil should be used for drawing all 
lines and these should not be ** inked in," unless the intersections 
are protected by small circles made with a bow pen. 

Truss diagrams should be laid out accurately to as large a 
scale as the sheet will permit, and great care should be taken in 
transferring the direction of any member to the stress diagram. 

Stress diagrams (force polygons) should be drawn to as 
small a scale as is consistent with the required degree of accuracy 
in reading stresses. If stress and truss diagrams are both large, it 
will be found difficult to transfer directions from one to the other. 

If inks of different colors are used, say red for the lower 
chord, black for the upper chord, and blue for the web, the dia- 
grams will be much clearer than when made with a single color. 
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1. How are live loads determined? Dead loads? Wind 
loads? Reactions? Stresses? 

2. In applying the laws of equilibrium, are external and in- 
ternal forces treated alike? 

3. Illustrate the things which fully determine a force. 
Must it always be assumed that there is a rigid connection 
between a force and the body upon which it acts? 

4. Must concurrent forces have the same point of appli- 
cation? 

5. When there is actual rotation produced by a force, where 
is the center of moments taken? 

6. If the resultant of the two forces of a couple be regarded 
as an infinitely small force, what must be its lever arm to make 
its moment equal to that of the couple? Why is the moment 
of a couple the same for any center in its plane? 

7. What are the simplest systems of forces that are equiv- 
alent to any system of co-planar forces? 

8. If in Fig. 20, P= 10000 lbs., a = 8.5 ft., and 6 = 5 ft., 
what must be the weight of the car to just balance the wind load? 
WTiat will the vertical reactions be if the car weighs this amount? 

Ans. 34000 lbs. ; and 34000 lbs. 

9. Into how many sets of two components at right angles 
to each other may a given force be resolved? 

10. If the (lead load stress in a certain member of a truss 
is 15000 lbs. tension, what will be the stress in it if the live load 
produces 24000 lbs. compression? 

11. Give three very fundamental statements in graphic 
statics which are derived from the parallelogram of forces. 

12. If three forces are in equilibrium, prove by means of 
the force triangle which represents them, that the algebraic sums 
of the horizontal and of the vertical components are zero. Draw 
a rectangle which will circumscribe the triangle. 

13. Resolve a force into two components by drawing a force 
triangle, so that both components shall be greater than the given 
force. 

14. Show how to find the magnitude of the equilibrant of 
any two forces (not parallel) and the location of its hne of action. 

15.. In Fig. 24 mark the order in which the magnitudes of 
the forces are determined when Pg Is the known force. 
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16. A force of 8000 lbs. acts 6 inches from the center of a 
wall; if it be taken as acting at the center of theVall, what will 

J^e the moment of the couple which must be introduced? 

17. A force of 6000 lbs. acts vertically downward and a 
force of 10000 lbs. vertically upward; their lines of action are 
5 ft. apart; what is their resultant, and how far from the Une of 
action of the greater force is its line of action? Ans. 7J ft. 

18. What are the conditions for complete equilibrium of a 
body acted upon by a system of forces — algebraically and 
graphically? 

19. What is the foundation of the force polygon? 

20. If the direction of two forces in the force polygon were 
opposite to that of all the other forces, what would it indicate? 

21. What is the fundamental principle used in drawing a 
resultant polygon? A string polygon? 

22. If in Fig. 24 /2i, P2, and Pi were known, what would 
ACDB be? 

23. What is the function of the string polygon in Fig. 28? 
In Fig. 32? In Fig. 43? In Figs. 63 and 64? 

24. How are the points A and chosen in Fig. 28? 

25. If the string polygon of Fig. 28 is considered as a 
framed structure, to what will the stress in BC be equal? In GD? 

26. How may the closing Une in Fig. 42 be made horizon- 
tal? In Fig. 28? 

27. Where is the resultant of the loads in Fig. 43 located? 
In Fig. 61? In Fig. 64? 

28. What is the difference between the string polygon and 
the resultant polygon? 

29. If there is complete equilibrium when /2 = and Af = 
0, why are there three independent equations? 

30. Which of the eight directions given in Art. 40 plainly 
lead to a saving of time? Which to reliable results? Which to 
accuracy? 

31. By which of the six methods of application of the 
equations of equilibrium are reactions obtained? By which 
stresses? 

32. In Figs. 59 and 60, do the arrows on the members cut 
by the section represent the forces exerted by the part shown 
upon the other part, or vice versa? 

33. Show how a curved section would be more convenient^ 
than a straight one in getting stress PQ in Fig. 53. 
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34. What combinations of the equations of equilibrium may 
be used in getting reactions? In getting stresses by the methods 
of sections and of joints? 

35. What is the simplest method of getting the stress Z>2 
in Fig. 50? 

36. What are the disadvantages in the use of the resolution 
equations of equilibrium? Of the moment equations? 

37. Are reactions usually found graphically or algebraic- 
ally? In what cases should a graphic method of finding stresses 
be used, and which one? 

38. What is meant by a statically indeterminate structure? 
How may the truss of Fig. 52 be made statically indeterminate 
as regards stresses? As regards reactions? 

39. What tools are necessary for drawing stress diagrams? 
What are the points upon which particular care should be 
bestowed? 



CHAPTER IV. 

APPLICATION OF THE LAWS OF EQUILIBRIUM TO THE 

STRUCTURE AS A WHOLE. 

REACTIONS. 

45. Reactions. Reactions will now be determined both 
algebraically and graphically for a number of different cases. 

As stated in Art. 42, three unknown quantities may be 
determined from the three equations of equilibrium. In general 
there are two unknowns involved in each reaction, its magnitude 
and direction; therefore, even in the simplest case of a beam 
with two supports and vertical loads, some other condition must 
be introduced which will determine one of the four unknowns. 
The usual assumption is that there is no friction at one of the 
supports. This determines the direction of that reaction, — if 
there is no friction its direction must be perpendicular to the 
surface of the support. In practice this condition is never 
fully met. 

46. Reactions for a Single Force. Fig. 31 shows a beam 
carrying a load P and supported at 
its ends A and B. The reactions, 
jBj and ^2, will be vertical if the 
support at one end is such that the 
beam is free longitudinally. 

Since all the forces are ver- 
tical there are no horizontal com- 
ponents. Applying the other two . ^^' ^^' 
equations of equilibrium, we have 2 vert, comps. = 

«i— P+jB2 = or B^ = P—B^ 
For S moments = 0, the center of moments may be taken at any 
convenient point ; if it is taken at jB, the moment of £3 is zero and 
we have B^ directly from 

B^L-PI^ = or Bi--P-|" 
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REACTIONS FOR A SINGLE FORCE. 



Art. 46. 



This value of B^ substituted in the e<iuation above will give the 

As a c?i€ck, with center at A^ 
from 2 moments = 0, 



value of R., = P-P-j- =^T' 



R^L = Pl^ or B^ = P-^. 

This illustrates the law of the lever, to which the student 
should become accustomed so that it ivill be unnecessary to think 
of the moment equations. Thus, if (Fig. 31) L = 20 ft., and Z, = 
12 ft., and ^2:^8 ft., R, =^^P=% I\ a«(ii?3=iJP= JP. Asa 
check, R,+Rn={ J + |)P = P. 

Graphically, the problem is to find two vertical forces R^ and 
Rzf which will be in equilibrium with P. 

It is only necessary to draw a closed string polygon and a 

corresponding force polygon. 
The three forces P, R^, and i?2 
must act through the apexes of 
the string polygon. In Pig. 32, 
draw the strings 1 and 2 from 
C parallel to the equilibrants 
(60 and Oa) of P; where these 
strings intersect R^ and R2 in D 
and Ef there must be apexes of 
'SfMy /b/y^/f the string polygon ; hence DCED 

is the string polygon. Draw- 
ing nO parallel to Z> ^, it is the 
^ ^. ray corresponding to the string 

DE and therefore cuts oflF the 
^^^' ^' forces ^1 and R2 in the force 

polygon which is a 6 7i a, a straight line, since the forces are par- 
allel. The student should prove that there is equilibrium as was 
done in Art. 37. 

It is evident that P = JBi+iSa ; ^he line nO, drawn parallel to 
the closing line, divides P into two parts equal to R^ and jBo- 

Exactly the same pro- 3 t o V" 

cedures apply to any kind of 
a truss supported at its ends, 
because reactions are inde-i 
pendent of the form of the 




structure. 
In Pig. 



33, the panels 
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being of equal length, the resultant of the two loads evidently 
acts at d and is 2 P, so that 

fti = |2P = JPandft2 = |2P=|P. 
«i+«2 = a+g) P=2P (check). 

Graphically the solution would be exactly like that of Fig. 
32, using the resultant 2P acting at d. 

Let Fig. 34 represent a ladder 
supported by a wall at B. If the 
friction between the wall and the 
ladder be neglected, -B, will * be 
horizontal and the line of Ri must 
pass through C because/? 2, P, and iJ^ 
are in equilibrium. The magnitudes 
of Ri and R^ may be found from a force triangle. 

This may also be solved by passing a string polygon through 
the one known point A of R^ as shown in Fig. 35. 




Fig. 34. 






Fig, 35. 



The case of Pig. 36 is the same 
as that of Fig. 31. If R^ were hori- 
zontal, it would be the same as that 
of Pig. 34 and jBi would be in- 
clined. 

Algebraically, Pig. 34, from 
2 vert, comps. = 0, Rj^ cos P = P, 
and from 2 hor. comps. = 0, 
A'l sin P = Ro, and from 2 moms. 
= with center at A, R^y^Ltan a 
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:= Pl^. To eliminate between these equations, makes this method 
somewhat laborious. This case is similar to that of Fig. 23. 




Fig. 37. 

Fig. 37 shows a cantilever beam with supports at A and 
B, the part BC extending beyond the support B. 

TaJcing moment about B, R^XAB=PxBC and with A as 
a center, /?, XAB =P XCA. As a check, i2, ^R^ +P. 

Graphically a string polygon is drawn beginning at D. On 
parallel to the closing line gives the force polygon, abna. 

If the truss in Fig. 38 is fixed at both supports A and B, 
the reactions are statically indeterminate. If they be assumed 




Fig. 38. 

parallel to the load, which is the resultant of the loads acting 
at the joints in the line AC, we have, with center at B, 

Riili+li) ^Ph'f *^d with center at A, 

R2{li+l2)=Plv Rt+R2=-P' 

Graphically the problem is the same as that of Fig. 32. 
Usually when the ends of the truss are both fixed they are 
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fastened to the tops of columns at A and jB, in which case it is 
customary to assume the horizontal components of the reactions 
equal. This would not give parallel reactions in Fig. 38. 

In Fig. 39, Py is the resultant of the wind loads at the 
joints of AC and P, of the vertical loads at the joints of AC and 




Fig. 39. 

CB, This case may be reduced to that of Fig. 23 by finding 
the resultant -K, of Pj and P^] it must pass through D. Now 
72 1, Ry and R^ being in equilibrium, must meet in the point E. 
This gives the direction of R^ and the force polygon determines 
the amounts of Ry and if, (33). 

Should any of the intersections be very acute, resort should 
be had to the string polygon, but the original forces should not 
be used unless their resultants are not readily located. 

A hinge is a joint about which the parts of a structure are 
free to turn; it is assumed to be frictionless and, therefore, the 
moment at its center is zero for a structure in equilibrium. 

Fig. 40 shows a symmetrical three-hinged arch with a 
single load P on the left half. Considering the right half by 
itself it is evident that there are but two forces acting upon it, 
the reaction R^ and the pressure of the left half through the 
hinge at C. Since two forces to be in equilibrium must act in 
the same straight line, the line of /ij ^^st pass through the 
center hinge at C. This determines the point Z), and since R^ 
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is in equilibrium with P and 7?2 its line of action passes through 
D. The force polygon gives the magnitudes of Ri and R^, 




Fig. 40. 

In like manner, reactions may be found for a load on the 
right hand half. By finding the resultant of the two reactions 
at A (for example) we get the reaction for both loads. If there 
are a number of loads, the case may be reduced to the above by 
first finding the resultant of all the loads on each half. 

Algebraically, we have from 2 hor. comps.= 

nor. comp. jBj = hor. comp. B^ = H 
From S vert, comps. = 0, 

Prrrvert. comp, jBj+vert. comp. JB2 = ^i+T^»« 
Prom S moms, about C = (considering only half the arch), 

Hr = V2XiLor Hr+PH L — h) = ViX\L. 
Three of these equations determine the unknowsH, F,,and 
Fa- ^1 is the resultant of H and Y^ and U^ of ^ *i^d ^2- Equa- 
tions may, of course, be written with centers at A or 5. 

In this case, just as in that of Pig. 31, 

h k 

Fi = Pxand F2=P^ 



Substituting V^ in the equation above, 



U 



Hr = \Pli and, 11= \ P— . 

47. Reactions for Any Number of Loads. The reaction 
for a number of loads may be gotten by finding the reaction for 
each load separately and adding these reactions, or by finding 
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the location of the resultant of 
the loads thus reducing the prob- 
lem to that of finding reactions 
for a single load. 

In Pig. 41, the location of 
the resultant of the three loads 
Fig. 41. is not apparent, therefore the 

first method is the better. By the law of the lever, 

^i = A10 + ^^15 + i^20 = 22|. 

i?3 = A20 + ii 15 + ^8 10 = 22-i-. 

Ui + ii2 = 22| + 22| = 45 = 20 + 15 + 10; check. 

Applying the equations of equilibrium directly, 

20 7^1 = 20X14+15X9+10X4 = 455 from which 

Ri = Vo' = 22| 
20 i?2= 10X16+15X11+20X6 = 445 from which 

^2=Vo'- = 22i 

Graphically, the problem is to divide the equilibrant of the 
three loads into two parts, R^ and Eg, such that when acting at 
A and B respectively, they will balance the loads. 




'^^ ^ string fhtygon 




^>rce fhfyyeiT 



R 



Fig. 42. 

The force polygon (Pig. 42) abcAa gives the equilibrant d4x. 
To find the point n, draw the equilibrium polygon DFIIKED 
and On parallel to ED, The ray 5 corresponds with the string 
D E — —the closing line. The force polygon abcdna closes, and 
dn^=-R^, and 7ia = Ei. jBi, 1, and 5 are in equilibrium at D, 
also jKjj ^y a^d 4 at E. 

The student should prove that there is equilibrium as was 
done in Art. 37. 
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The resultant of the loads passes through C, the intersection 
of 1 and 4, since 1 and 4 are in equilibrium with ad (triangle 
adO). The string polygon DEC is similar to that of Fig. 32. 




Fig. 43. 
Pig. 43 shows a cantilever beam, the part BC extending 
beyond the support. The loads 20 and 16 will produce an up- 
ward reaction at A, while the loads 8 and 15 produce a downward 
reaction. The direction of the resultant Bi is in doubt. As- 
suming i^i to act upward, and with center at B, 

18jRi-20X13-16X7+8X4+15x9 = 
El = Y/ • Since this is plus as was assumed in writing the 
equation of equilibrium, the assumption was correct. See rule 
Art. 39. 

jBj evidently acts upward. With center at il, 

18 R. = 20X5+16X11+4X18+8X22+15X27. 
R^=srY. ^aacA«?Jkfii + fi2==W + W = 63 = 20+16+ 
4 + 8 + 15. 

In drawing the string polygon, it is 

necessary to have the lines of action of 
those rays which form a triangle with a 
load or reactio7i in the force polygon, 
intersect on the line of action of that 
load or reaction. Thus 5, 6, and the load 
15 form the triangle efO and their lines 
of action intersect at H. 

nO, parallel to the closing lino, de- 
termines Ri and Bj 

Pig. 44 shows a trestle bent with 
foundations at A and B, and wind loads 
Pi, P2, and P3 ; the resultant of the en- 
tire weight is Pw and acts in the axis of 
symmetry. It is convenient to use only 

Fi«. 44. 
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the horizontal and vertical components of the reactionn, and it is 
(issumed that the horizontal components are equal (46). 

The direction in which V^ will act depends upon the rela- 
tive magnitudes of the horizontal and vertical loads. If it acts 
downward as shown, the structure must be anchored. 

From 2 hor. comps. = 0, we get, 

F,+P,+P, = 2n; (a) 

from 2 vert, comps. = 0, we get, 

p^ = V,^V,; (6) 

from S moms. = 0, with center at A, we get, 

P^(a+e+c)+P,(e+c)+P,c-y26Pw~F,6 = 0. (c) 
The moments of the other forces (H and FJ are zero. Equa- 
tion (a) gives the value of H; equation (c), that of V^; and 
equation (6), that of V^. As a check a moment equation for B 
may be written. 




Fig. 45. 

A problem quite similar to this is solved graphically in Pig. 
45. The force polygon is dbcdefna and the string polygon is 
ABCDEFGA. 

The reactions R^ and B^ act in opposite directions. 
48. Reactions for Uniform Loads. A uniformly digtrSmted 
load may he conceived to he a series of equal infinitely small coii- 
centraied loads infinitely small and equal distances apart. In 

Pig. 46, the resultant of these loads 
would equal W and act at the middle of 
the beam, so that, hy symmetry, each re- 
Pig, 45. action is ^/^W. 
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In Fig. 47 the resultant of 
the uniform load acts at its 
middle or 14 ft. from A and 6 
ft. to the left of S. ^ 



Fig. 47. 
JIf ^ = 3000 X 28 + 2800 X 14 - 20/22 = 

7?2=i^^7 = 61601bs. 

Assuming -Ri to act upward, 

MB=20/ei-2800x6+3000x8 = 0. 

7Ei= ■~"2o"~ ""360; R\ acts downward. 

Graphically, the solution of this problem is like that of 



Fig. 43, the resultant of the uniform load being used as one load, 
and the 3000 lbs. as- another. 
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1. Upon what equation of equilibrium is the law of the 
lever based? 

2. If a beam is supported at its quarter point what must 
be the ratio of the load at the end of the short arm to that at the 
end of the long arm when the beam is balanced, neglecting the 
beam's own weight? If the beam is 20 ft. long and weighs 50 lbs. 
per ft., what load, at its end, will be required to balance it. 

3. What are the reactions for a beam 20 ft. long, supported 
at its ends, weighing 100 lbs. per ft., and having a load of 15000 
lbs. at 5 ft. from one end? 

4. Find Ri and Rg, Fig. 33, for P = 20000 lbs. Also for 
the same panel load at each of the joints b, c, rf, and e. 

5. Draw a truss of eight equal panels similar to that of 
Fig. 33 and number the intermediate joints, from right to left. 
Find the values of i2i, for a load P at 1, at 1 and 2, at 1, 2, and 
3, etc. 

6. If the truss of Fig. 33 consists of 5 panels at 20 ft. each, 
what will be the panel loads at c and d produced by a load 44 ft. 
from Ri, so placed upon the floor of- the bridge that 6000 lbs. will 
be carried to one truss? What will be the reactions produced at 
the ends of the truss? What will be the reactions produced at 
the ends of a girder having a span of 100 ft., by a load of 6000 
lbs. located 44 ft. from one support? 

7. Show how the construction of Fig. 39 will be modified 
for the wind load on tho other side of the roof. 

8. What will be the horizontal and vertical components of 
the reactions for a symmetrical three-hinged arch having a span 
of 160 ft., and a rise of 40 ft., for a load of 80000 lbs. at 40 ft. 
from one support. (Apply the equations of equilibrium and do 
not use formulas). 

9. Take the figures representing the loads in Fig. 43 as 
thousands of pounds, and find the reactions when these loads are 
combined with a uniform load of 400 lbs. per foot. 

10. In the above case, what will be the shear at 15 ft. from 
.4? At 7 ft. from C? 

11. Find all the reactions for Fig. 49 when P = 30000 lbs., 
A =20 ft., and 6=16 ft. 

12. How would you find the reactions in Figs. 51 and 53 
when the panel loads and panel lengths are unequal? 
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13. Is there any distinction between loads and reactions 
so far as the string polygon is concerned? 

14. How would you find the location of the resultant of 
the loads in Fig. 61? 

15. Calculate H, Vi, and Fj, Fig. 44, for Pi = 13500 lbs., 
P2 = 6000 lbs., P3 = 4000 ibs„ a = 13.5 ft., e = 20 ft., c-18 ft., 
6 « 20 ft., and Pw = 24000 lbs. 



CHAPTER V. 

APPLICATION OF THE LAWS OF EQUILIBRIUM TO A PART 

OF A STRUCTURE. 

STRESSES. 

49. Stresses. The stresses in the members of a truss 

m 

are found by applying the laws of equilibrium to parts of the 
truss. These parts may be single joints or larger portions of 
the structure. 

As explained in Art. 40, the application of the equations of 
equilibrium to one joint of a truss at a time, involves only con- 
current forces. Graphically, we deal with force polygons only. 
Any joint may be treated graphically or algebraically, but there 
is usually nothing to be gained by using both methods for one 
truss. 

When larger portions of the structure are considered in 
calculating stresses, it is called the method of sections. The 
stresses in the members cut by the section dividing the truss 
into two parts are obtained. This method is of considerable 
importance, especially the algebraic application, on account of 
its ready application to the forms of trusses usually used. This 
is the only method applicable for finding stresses in. solid beams 
and girders. 

When a single joint of a truss is considered, there are but 
two independent equations of equilibrium, the forces being 
concurrent. The solution must therefore begin at a joint where 
there are but two unknown quantities. 

The reactions are first determined by the methods of Chapter IV, 

50. Stresses in the Simplest Form of Truss. Stress 
Diagrams. Fig. 48 shows a triangular truss carrying a single load 
at its apex. To find the stresses (the reactions being known) 
it is only necessary to draw a force polygon for each joint. In 
this case, there are three forces at each joint, two being un- 
known. Laying out P to some suitable scale and drawing a 
force triangle for joint 2, stresses D^ and D, are determined. 
Since these three forces are in equilibrium the direction of the 
arrows is clockwise as determined by the known direction 

67 
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of P. Transferring the directions of Dy and Da to the truss dia- 
gram, we find they act toward the joint. 

Laying out R^ and drawing L and Dj parallel to their direc- 
tions in the truss diagram, the force triangle for joint 1, deter- 
mines the stresses L and D^, The directions are counter-clock 
wise as determined by li^\ transferring these to the truss, D^ 
acts toward the joint and L away from the joint. 



^» 




Thaa Onyrarrf 





Joint ,3 



Treating joint 3 in like nianner, it is found that each one of 
the stresses has been determined twice. To avoid this unneces- 
sary labor, the force polygons (triangles in this case) may be 
drawn in one diagram, called a stress diagram^ as shown. 

Starting with any known force, in the stress diagram, the 
direction in whicJi any stress acts at a certain joint, can be deter- 
mined by going around the force polygon for that joint. Since 
the lines are common to two joints, the directions which they 
show will be opposite to each other ; if these directions are toward 
the two joints in the truss diagram, the stress is evidently com- 
pressive, and if they are away from them, the stress is tensile 
(7), Thus are the stresses fully determined. 

Tensile and compressive stresses may be distinguished from 
each other by means of arrowTS in the truss diagram, or by lines 
of different colors, or by any other convenient sign. The usual 
signs used are + and — (as shown in Pig. 48), which have noth- 



^ Stress diagrams are also called CreznoQa diagrams, MaxwcU diagrams, 
and reciprocal figures. 
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ing whatever to do with the signs in the equations of equilibrium. 
In this book the -\- sign is used to denote compression, and the 
— sig7i to denote tension. This convention is often reversed; 
practice is not uniform on this point. In mechanics, the -|- sign 
is nearly always used to denote tension. 

In drawing a stress^ diagram, it is not necessary to draw it 
joint by joint. The method of procedure is as follows : 

1. Lay out the force polygon for the external forces. This 
will be a straight line for parallel forces but, since the polygon 
must close, the line will be traversed twice in going over all loads 
and reactions. 

2. Draw lines parallel to the outer members (upper and 
lower chords) ; these will go through the points in the force 
polygon in which the adjacent outer forces in the truss diagr&ip 
meet. If a number of members lie between two adjacent forces, 
the lines parallel to them in the stress diagram will all go through 
the same point. See Figs. 48 to 53. 

3. Complete the stress diagram by drawing a succession of 
lines parallel to the inner members^ 

4. Determine the character of each stress by going around 
the force polygon for each joint, starting with a konwn force or 
stress. The character of each stress, together with its scaled 
amount should be put on the truss diagram. 

It will be foiuid that, if the external forces have been laid 
out in a clockwise direction, the order of the forces at any joint 
will be in a clockwise direction, as determined by the force poly- 
gon, and vice versa. 

Algebraically, we have 
At joint ly D^cos = B^ i>i = E^secO 

I>i sin = L = R^ tan 
Or considering joint 1, with a center of moments at joint 2, 

h 
and with a center of moments at joint 3, 

Ms-Rip-Dip cos = Di = Risec0 

The stresses Di and L were first determined by two resolu- 
tion equations and then by two moment equations. They may 
p-lso be gotten by means of one resolution and one moment equa- 
tion. It is to be noted that the equation in ilf 2 determines an 
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unlmown without finding a function of an angle, it being as- 
sumed that A is a known dimension of the truss. 

The angle $ should always be measured from the direction of 
the loads, and its functions should always be expressed as ratios 
of lengths and thus used on the slide rule^. This necessitates the 
calculation of the lengths of the diagonal members which may 
easily be done by means of a table of squares. 

The stress D^ is equal to Z>i because the truss is symmetrical. 
They may also be gotten at joint 2 from D^ sin6 = D2 sinO; 
hence i>i = D.^ and 2D^ cos 6 = P; Z>i = %P secO which is the 
same as was gotten above since 22i = ^P. Using a moment equa- 
tion we have, 

M, = yopP—D.pcose = ; Pi = y2Psec$ 

All stress diagrams are simply extensions of the above simple 
ease excepting a few apparently statically indeterminate cases 
(42). 

51. Stresses in a Crane. Fig. 49 shows a crane with sup- 
ports at A and B and carrying a single load P. 

The reaction at A is shown divided into its vertical and 
horizontal components R and H. The reaction at B is assumed 
to be horizontal. 

The vertical reaction at A must ba equal to P from 2 Vert. 
Comp. =0, and H At A equals H at B from 2 Horiz. Comp. =0. 

By moments about A, 

Hh=Pb and ff=Jp. 

h 

The stresses in the members may be obtained by resolutions 
at the joints. 

Joint 2. U sina=H U= H -{tension) 

b 

U cosa=V =^H^ =H'(Jtension) 

b It b 

Joint 3. D sin^^-H D= H-^icompression) 

It is to be noted that those eqVrations have been chosen which 
involve but two forces, and it thus becomes a very simple matter 
to determine the character of the stress. Thus the horizontal 

^An exception to this rule is the case of 0^4:5^. sin 45° bco« 45° » 
0.707; ton 45° = 1.000; sec. 45° = 1.414. 



Art. 52. STRESSES IN AN UNSYMMETRICAL TRUSS. 



71 



component of U at joint 2 must act away from the joint to 
balance H, 




Ouf^rOfm 




D>ay / xim 



Fig. 49. 

The stresses may be checked by writing other equations of 
equilibrium, as follows: 



Joint 1. 



Joint 3. 



U sina==D sin p, 
U co8a+P=D cos P: 
Dcosp^P-hV. 
M,=Pb-H{a+h)-{-Vb 



=0. 



The above equations are but solutions of the triangles in the 
stress diagram. The force polygon of external forces is abaca. 
The force polygon for joint 1 is PDU; for joint 2, HUV; and 
for joint 3, RHVD. 

52. Stresses in an Unsymmetrical Truss Unsym- 
metrically Loaded. Fig. 50 shows a truss of three equal panels 
with parsJlel chords, and supports at joints 1 and 7. The 
reactions are readily found as explained in Chapter IV. 

Graphically the force polygon for external forces is abcda. 
The force polygon for each joint is easily followed and the signs 
of the stresses determined. These are also readily found by 
inspection because the truss is a beam supported at its ends; 
it bends so that the upper chord is shortened and the lower 
chord lengthened; hence the upper chord members are in com- 
pression and the lower chord members in tension. The diagonals 
are determined by the shears in the panels; thus, the shear in 
panel 1-3 shortens D^, the shear in panel 3-5 (2000 lbs. up) 
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lengthens /)„ and the shear in panel 5-7 lengthens Z)j. V, 
in tension because it must be directly opposite to P,. 
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The algebraic solution is as follows: 

fl=45°. Sin O=costf =0.707. Seci9 = 1.414, Tan 5=1.000. 

At joint 4, from S vert, conips. =0, we have Vj=0, and 
at joint 7, from S hor. comps. =0, we have Lj=0. These two 
stresses v/ill, tlierefore, not appear in the stress diagram. 

Joint 1. I>,=K,secO = 17000Xl.4l4=24WOll>s. (+). 

£t, sin (?=L, =24000X0.707 = 17000 lbs. {-}. 
Joints. F,=P, = 150001ba. (-). 

Lj=Lj = 17000lbs. (-), 
Joint2. i>,cosO-Vi=D,coaO. />,=/>,- K, sec (?. 

£>,=24000- 15000 X 1.414 =2S00 lbs. (-). 

U^=D,sin/) +Z>j sin =2G>S00 X0.7U7 = lUOOO lbs. ( +) 
Joint4. t/, = t/, = 19000 lbs. (+). 

Fa =i?, = 19000 lbs. (+). 
cos () = V, = 19000. 

i), = 19000X1.414 = 26800. (-). 
Joint 5. Oj cos + D, cos =Pj -2100U lbs. 

(2800 +2(iSO0)O.7O7 =21000 lbs. Check. 

Only resolution equations have been used above, but in some 
cases the moment equations are even simpler. Thus, for joint I, 
A/,=20fi,-20L,=0; henceL,=ff,. 

53. Bow's Notation. The method of lettering most fR'- 
quently used for graphic solutions is one devised by Bow. By 



Joint 7. 
Joint 0. 
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this method, in the truss diagram the spaces between the forces 
(both external and internal) are lettered and a force or stress 
is designated by the two letters adjacent to it. This causes 
the letters in the force or stress diagram to come at the inter- 
sections, so that a stress is represented by a line with letters 
at its ends. This method is used only for graphic stress deter- 
minations. Bow's notation will be used for the graphic solu- 
tion in the following article. 

54. Stresses in a Roof Truss for Wind Load. Fig. 51 
shows a roof truss with a normal wind load on one side of the 
roof. It is assumed that the support at E is on rollers or is free 




SlTMBDlagno 




Fig. 51. 

to slide without friction. Therefore, the reaction flj will be 
vertical. 

When there are so many different inclinations of members 
and external forces, the reactions as well as the stresses are 
best obtained graphically. 

When the loads are symmetrical as in this case, their re- 
sultant may be located immediately, and if the intersection of 
this resultant and R2 comes within the limits of the drawing 
and is not too acute, the reactions may be determined, by the 
force triangle AEFA its in Figs. 23 and 39. If the intersection 
of the resultant and 72, cannot be used, the reactions may be 
determined by passing a string polygon through the only known 
'point in /2 1 as shown by the dotted lines. The closing line 3 
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cuts off the value of EF or R^ on the vertical from E in the 
force polygon. 

Using the external force diagram thus constructed and 
beginning at Joint 1 or 12 the stress diagram may be constructed. 
The external forces in the force diagram must be laid off in 
order proceeding around the truss diagram either clockwise or 
counter-clockwise. Whichever direction is used in the begin- 
ning must be adhered to throughout the solution. With this 
system of notation it is not necessary to put arrows on the stress 
diagram, as the order of the letters, beginning with the direc- 
tion of any known force, indicates the direction of the other 
forces, thus ABCDEFA proceeds around the truss clockwise 
and gives the correct directions of all the external forces in 
the stress diagram. The same is true of the stresses at any joint. 

It will be found that the stresses GH, LM, MN, NO, and 
OP are each zero, and that EL=-EN==EP and FM==FO=FP, 
That GH and OP are zero is also apparent from S vert. comp. «0 
at joints 3 and 11. 

The stresses will be altogether different for the wind on 
the other side of the roof. 

The compression and tension members should be carefully 
noted and marked on the truss diagram. 

55. Stresses in a Cantilever Truss. Fig. 52 shows a 
bracket supporting two loads, and it is supposed to be held 
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Fig. 52. 



in such a way at B that there can bo only a horizontal reaction 
at that point. 

From S vert. comp. =0, the vertical component of the reac- 
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tion at A must be equal to the sum of the two loads. By taking 
moments about A, 4ff =8000X6+6000X3=66000 ft. lbs., from 
which if = 16500 lbs. The H at A must equal the H at 5, as 
they are the only horizontal forces. 

For the algebraic solution the functions of the angles should 
be expressed in terms of the lejpgths of the members of the 
trusis (50) . The diagonal length here = y/Wv2^ = Vl3 =3.6 ft. 

5inl? = — cosO—--- 

3.6 3.6 

By resolutions at the joints the following stresses are found- 
Joint 1. L^ cos I? =8000 Li=8000^=144001bs. (+) 

LiSin0 = f7i=8OOO~X^=12OOOlbs. (-) 

Joint 2. 7i =6000 lbs. (+) 

f/,= {7^ = 12000 1bs. (-) 

Joint 5. L^sinO=H=^ 16500 lbs. L, = 16500— = 19800 lbs. ( +) 

L, co«0- 14000 = y, = 19800— -14000= -3000 lbs.(+) 

3.6 

Joint4. Dj COS <? = 7, =3000 Z>i=3000— =5400 lbs. (-) 

J5 1 sin ■<? + (7, = ff = 16500 lbs. 

Di = (16500- 12000) ^-^=5400 lbs. (-). Check. 

Graphically, using Bow's notation, the force polygon of 
external forces is abcdea. The stress diagram may be con- 
structed, beginning either at joint 1, 4, or 5. The scaled stresses 
are given on the truss diagram in 1000-lb. units. 

56. Stresses in a Compound Fink Roof Truss for 
Vertical Loads. Fig. 53 shows the case mentioned in Art. 42 
as being apparently statically indeterminate. The external force 
diagram is laid out and the stress diagram started, beginning 
at joint 1. There is no difficulty until joint 4 is reached, when 
it is found that there are more than two unknowns at each of 
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the remaining joints. If joints 6 and 7 be next used, the tenta- 
tive stress diagrams DEQ'P'D and P'Q'RVP' may be drawn, 
using any value for EQ\ This will give the true value of PQ, 
as it lies between the parallel lines DP' and EQ'. Now if joint 
5 be considered, it is seen that must lie on a line parallel to 
ON of the truss, from N of the stress diagram, and that also 
it must lie at the apex of the triangle O'P'Q', which has its base 
P'Q' in the lines DP' and EQ'. From this the true locations of 
the other parts of the stress diagram are evident. 

The stresses wdll be the same in symmetrical members of 
the truss, as the loads are symmetrical, but both halves of the 
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Pig. 53. 

stress diagram should be drawn, in order to check the work. 
The completed diagram should close. 

57. Stresses in Solid Beams. The method of sec- 
tions must be used for finding the stresses in solid beams and 

girders (49). Fig. 54 shows a 
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Fig. 64. 
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solid beam (stick of timber or 
girder) cut by a section pq. Either 
the part to the left or to the right 
of pq may be considered^ but not 
both. Considering the part to the 
{ left of pq, and writing equations 
of equilibrium l)etween the forces 
acting on this part, we have 

S vert, comps. =0=/2i—Pi—P2— shearing stress at section: 
or the shear at the section —the shearing stress at the section. 

X moments about C=0=/?ia — P,(a — /,) — P2(a— /j — Z2) — 



>? 
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moment of the stresses at the section; or the bending moment at 
the section =the moment of resistance at the section. 

The distribution of the shearing and bending stresses over 
the cross section is discussed 
under the theory of flexure, Chap- 
ter VI. 

Fig. 55 shows a similar case 
with a uniform load. i— -r- 

2 vert, comps. =0=R I— wa ^ 

— shearing stress at the sec- * 

tion pq] or the shear at the section = the shearing stress at the 
section =fli—t/;a. 

S moments about C = = 7^ia— w;aXV^fl— niomont of the 
stresses at the section ; or the bending moment at the section = 
the moment of resistance at the section, M = M^ = B^a—y2wa-. 

The uniform load to the left of the section is wa; it is treated 
OS a concentrated load at its center of gravity ; hence its lever arm 
is Vi^ and in the bending moment for uniform load there will al- 
ways be a term of the form i/^w;a^. 

58. Stresses in Trusses. Als^ebraic Solution. In .a truss 
it is also often convenient to speak of the shear at a section (in a 
panel since this is constant) and the bending moment at a section 
(at a joint since this is the most convenient point in finding the 
resisting stresses), but these are resisted by members in direct 
tension and compression. 

In Fig. 56, for 
example, the part to 
the left of the section 
which cuts the 
stresses ?7, D, and L 
is considered. The 
shear in the panel is>»^ 
resisted by the ver- 
tical components of 
U and D (2 vert, comps. = 0). The bending moment at any 
point is Twisted by the sum of the moments of V, D, and L about 
the same point. 

In Fig. 33, the chords being parallel they take no shear, so 
that, taking successive sections, the vertical component of aB = 
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Ri, the vertical component of Be = fij, the vertical component of 
dE = R^^Pf the vertical component of Ef = R2. These equa- 
tions determine the diagonal stresses. Getting their horizontal 
components and using the horizontal resolution equation, the 
chord stresses may be determined by taking successive sections, 
but these are more easily found from the moment equation. 

Taking the more general case of Fig. 56, to find L, the center 
of moments is chosen at C, the point of intersection of the two 
other unknowns, so that their moments are zero. There being no 
loads to the left of the section, in this case, the only forces left 
are L and R^. 

For Mc =0, R^X2p = LXd or L = Ri^. 

For finding V, the center of moments is taken at E. 
M^ = OoT RiX^p = UXc U= Ri-^-. 

c 

For Z>, the center of moments is taken at the intersection A» 
of 17 and L. 



Mj, =0 or Ria = Z)6 or D = i^i 



a 



The directions of U. L, and D are obtained by a considera- 
tion of the direction which the resisting moment must have. A 
stress acting toward the part under consideration is compressive 
and one acting away from it is tensile. 
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Fig. 57. 

In Pig. 57, if a section is taken through three members only, 
and the left hand portion considered, as shown^ there are six 
forces in equilibrium, namely, iij, P at B, P at C, CD, ND, and 
NM. 

«B = or NMX d = Ri X iLr-PUL+lL) 

M^=0 or ND X a = P(iL+ ^7.) 

JTk = or CDXb = RiX c—P(,c—l L) + P{\L—e) 
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In a truss of this kind, the calculation of the lever arms is 
tedious; they may be taken by scale if a proper scale drawing of 
the truss is made, but the stresses are usually gotten graphically 
from a stress diagram (56). The above method is quite con- 
venient for some members — NM, for example. 

This method of finding the stress in the lower chord member 
5-12 of Fig. 53 is sometimes used in connection with the graphic 
solution, the computed value being scaled off on the stress 
diagram, thus locating the point R directly without the auxiliary 
diagram (42). 

59. Stresses in a Truss With Parallel Chords. Fig. 
58 shows a truss of five equal panels carrying a load at each 
upper joint. The diagonal length is \/IP+20^ =26.9 ft. SecO = 
26.9 



18 
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S^nesaea and loacfa in thouocuTd'poumf onHS 

Fig. 58. 



Section pq, S vert, comps. = or shear in panel 7-8 = vert. 

comp. Z>i = /fi-y2P = 5P = 30000 lbs. 



26.9 



A = 30000sectf = 30000-^ = 448001b8. (— ) 



18 



lffi = Oor (A— iP)20 = 18i7i = 30000x20 



C/i = 



30000X20 
18 



= 33300 lbs. (+) 



Section rs. 
Section iu. 



Jf T = or 18Li = 0. That Lj is zero is also appar- 
ent at joint 6 from S horiz. comp. =0. 

S vert, comps. =0 or /?i-iP = 72=30000 lbs. 

Shear in panel 8-9 =vert. comp. D, =/Z j— IJ P. 

2)2 = 15000 sec = 15000— = 22400 lbs. (-) 

18 

M4=0 or (fti-iP) 40-Px20 = 18C/2. 
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Section vw. 



jif, =0 or (Rt-VzP) 20 = 18L, = 30000X20. 
^ ^800^<20^ 33300 ii,g_ (_) 

S vert, comps. = or shear in panel 9-10 = vert;. 

comp. Dj = 0. Hence D, = 0. 
Jf4 = 0, Or 30000X40—15000X20 = 1817,. 

f^^ _80ooox4yoooo>ao_ 50000 lbs. (+) 

Jf,. = or 30000X60-15000(40+20)= 18 L,. 
^_ 30000X6^0000X30 _ 50000 lb3. (-) 

Since the loads are symmetrical about the center line, and 
P3 = 0, the stresses will be symmetrical. It will be noted that 
the stresses ?7i and Lj are equal and opposite a^ they should be 
in order that the sum of the horizontal components, for section 
rs, shall be zero. Likewise must 172 = ^a ^^^ ^z = ^s- I* is also 
upparet at joint 9 that V2 = TJ^ and Y^ = 15000 lbs. 

The signs of the stresses are apparent upon inspection. The 
top chord is in compression, the bottom chord in tension, the di- 
agonals in tension, and the verticals in compression. 

If the loads were applied at the lower joints in place of the 
upper ones, the signs of the stresses would be the same, but V^ 
would be zero (joint 9), Fg wonld be decreased by P, and V^ by 
%P. The stress in each post is decreased by the amount of load 
tramf erred from its upper to its lower end. 




/&np« /W^yon 
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2 c\ 



Fig. 59. 

60. Graphical Solution by Sections. Culmann*s 
Method. Fig. 59 shows a part of a truss cut off by a section 
for the purpose of finding the stresses C/, Z>, and L. R is the 
resultant of the external forces R^y Pj, and Pj; thus the 
system is reduced to four forces in equilibrium — R, U, D, 
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and L, R may be found by drawing force and string poly- 
gons (see Fig. 37), and 17, D, and L may be found by the 
method of Art. 33 as shown in the force polygon of Fig. 59. 
The resultant of U and R is R' and must pass through o; the 
resultant of L and D must also equal i2', but be opposite in 
direction; and must pass through c. Then ac" determines the 
direction of R\ In the force polygon R is laid out to scale 
and through its extremities lines are drawn parallel to the 
directions of U and R', thus determining their amounts from 
the force triangle 1-2-3 ; in like manner, from R' and lines par- 
allel to the directions of D and L, the force triangle 1-3-4 is 
formed. 

Three independei)t solutions are possible by means of the 
following combinations: 

R with V and Z> with L (as shown). 

-R with L and D with V, 

B with D and U with L. 

Combinations giving acute intersections, either in the force 
or space diagrams should be avoided. When this is not possible, 
it is possible to fmd the three stresses by using two convenient 
components in place of K, 

By taking successive sections all the stresses may be found, 
or any three stresses gotten by some other method may be readily 
checked. In the former case, by combining the various force 
polygons, a stress diagram is formed, but the construction is not 
so simple as that of Art. 54. If, however, the sections are taken 
in the order indicated in Fig. 59, there will be but two unknowns 
in each case, and the construction reduces to that of Art. 54. 




Fig. 60. 
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THE GRAPHIC METHOD OF SECTIONS. 



Art. 61. 



Fig. 60 shows a case in which R is determined by means of 
a resultant polygon and Fig. 61, a case in which R is determined 
by a string polygon, 1-2-6. 

61. Graphical Solution* The ilethod of Sections by flo- 
ments. In Culmann's method, stresses are determined by means 
of force polygons, that is, the resolution equations of equilibrium 
are used. In order to use the moment equation, we resort to the 
string polygon. 

Fig. 61 shows a simple truss with vertical loads and reac- 
tions. The force polygon of external forces is abcdena. The 
shear diagram is drawn opposite it and shows how the shear 
changes at the panel points and passes through zero at joint 7 
or at load Pg. From any pole draw the rays 1 to 5, and in the 




Fig. 61. 

space diagram, the corresponding strings; string 6 determines 
ray 6 and point n. 

To find stress U^, for example, take section pq and center of 
moments at joint 5, then 

M.^Oor U^Xd = R^X2p-P^Xp> 

The moment of the external forces {R^ and PJ is equal to 
the moment of their resultant R, which from the force polygon 
(nabn) is equal to iib, R acts at the intersection of strings 2 
and 6— triangle nhOn— and its lever arm is a^. The above equa- 
tion becomes 

Und = Ra^ 
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From the similar triangles formed by rays 2 and 6 and 
strings 2 and 6 with li and t/g, we have 

— = — or Ra^ = Hvb 
Vh as ^ 

Hence V^d^^Hyj^. 

Thus we get a value for the sum of the moments of the, exter- 
nal forces to the left of any section by scaling an ordinate be- 
tween two strings, for may be so chosen that H is some conven- 
ient quantity like 100 or 1000 lbs. 

This is not true for ijon-parallel forces unless a string poly- 
gon is drawn for each section, which would be very laborious. 
For parallel forces // is the same for any resultant. 

H, the perpendicular distance from the pole to any force, 
is called the pole distance of the force, although it is really a 
force; the product fly^ will be the same, no matter which is 
called the force or the distance, so long as the scale of forces is 
used in the force polygon and the scale of distances in the string 
polygon or space diagram. 

To find Uz then, it is simply a matter of scaling y^, locaiing 
the decimal point, and dividing by d (the lever arm of XJ^)' TJ.^ 
may also be found by constructing any two similar triangles, 
for V2 :H : :yri :d. 

For Ljj, the section is the same as for U2 and, therefore, B 
will be the same ; the center of moments is joint 4 and Ljd = Hy^, 

For L3, the external forces are K^, F^, and P^, whose result- 
ant is nc; since 3 and 6 are components of nc, the ordinate 1/0 will 
be measured between strings 3 and 6 on a line through the center 
of moments which is at joint 6. 

Since R^ is always one of the external forces, the ordinate 
y will always be measured from the closing line to that string 
which is parallel to the other component of the resultant of the 
forces. Thus if the moment of R^ about joint 6 were wanted, 
the ordinate would extend from the closung line to string 1 pro- 
duced. 

For the truss of Fig. 61, the diagonal stresses can not be 
found (the center of moments being at infinity) unless the chord 
stresses are found first and then used in the equation of equilib- 
rium for the diagonal stress. If the centers of moments for the 
diagonals are taken at the middle of the top or bottom panels, 
their lever arms will be d'=dsinO. For D^, D^y^d'-\-L2y^d=Hyr^, 
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STRESSES IN A DERRICK. 



Art. 62. 



the center of moments being in U2 directly above joint 5. Now 
L^d being equal to Hy^, we have 

Drawing a line through the upper extremity of 1/4 parallel 
to string 6, it cuts off, on 1/5, the distance 2/5—2/4; constructing 
two similar triangles upon this distance, D^ is determined. 

62. Stresses in a Derrick. The crane or derrick 
shown in Fig. 49 is usually supported by several wire rope guys 




attached at B and running down to anchorages at some dis- 
tant points, or by two stiff legs attached at the same point. 
Thus in the common derrick the reaction at B is not horizontal. 
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Fig. 62 shows a horizontal and vertical projection of a 
derrick with three guys. This is the fewest number that the 
derrick could have and be stable in all positions of the boom 
unless some of the guys were stiff, or capable of taking com- 
pression as well as tension. Also the maximum angle between 
any two adjacent guys must not equal 180® or the derrick will 
not be stable for certain position of the boom. 

The stresses in the members of the derrick will vary for 
different positions of the boom, both horizontally and vertically, 
and the problem is to find the position of the boom which will 
give maximum stresses in each member. 

Maximum stress in the boom. The boom may be raised and 
lowered by means of the tie BC, Taking a section mn through 
the tie and the boom, and a center of moments at B^ 

ACXhsina=PXl sinay 

AC=Stress in boom=P— (a) 

h 

This is independent of the angle a, therefore the stress in 
the boom is constant for any given load. 

Maximum stress in the tie. With the same section as 
before, and a center of moments hi A, 

BCXhsinp^PXt sin p, 

BC ^Stress in tie^P- (6) 

h 

From this it is seen that the stress in the tie is a maxi- 
mum when the length t of the tie is a maximum. This would 
occur when the boom is hanging vertically downward, if such a 
position were possible. Usually the boom cannot drop below 
a horizontal position. 

Morximum stress in the mast. By considering the joint 
B' in the horizontal projection. Fig. 62 (6), it is evident that 
the guy B^E' is not in service as long as the angle D'B'C or 
F^B'C does not exceed 180®, also the resultant of the stresses 
in the guys J?'Z)' and B'F^ must lie in the plane of the two guys 
and directly opposite to the tie B'C". Again considering joint 
A of the elevation, by vertical resolutions, 

BA = Stress in mast = V —AC cos a. 
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7=P+P- b=l»ina 

e 

BA ^p+pl^i!L^_pi^l^ (^) 

c A 

From this equation it is evident that for a maximum stress 
in the mast, c should be a minimum. This occura when the boom 
is swimg so that the angle B'G'F' is 90°. 

Also if the boom cannot drop below a horizontal position 
it is evident that the maximum stress in the mast occurs when 
a =90°, or the boom is horizontal. (Sin a is maximum.) 

If it is possible to drop the boom below a horizontal posi- 
tion the position for a maximum stress in the mast may be 
found by differentiating equation (c) and setting the first differ- 
ential equal to zero. 

diBA) PI , PI , ^ 

da c h 

cos a sin a sin a . k 
= or ^tana^ — . 

c h cos a c 

This gives the value for a for a maximum stress in the mast. 

Maximum stress in a guy. The position of the boom in 
elevation should be such as to produce a maximum vertical 
component to the resultant of the stresses in the two guys in 
action. 

Vert. comp. of restulant=P— . 

c 

From this it is seen that the boom should be horizontal. 

The position of the boom in plan may be obtained from 
resolutions at i?' normal to one of the guys, using horizontr.l 
components. To obtain the stress in B'D' we will take resolu- 
tions normal to B'F\ 

D'B' cos («-90°) =5'C" sin 6, 
• D'B'=^B'C —?^ — . 

cos (0-90) 

This is evidently a maximum when sin ^ is a maximum, or wlic n 
^=90°. In words the stress in one guy is maximum when the 
boom is rotated so that it stands perpendicular to the hori- 
zontal projection of one of the other guys. 
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63. The String Polygon as a Moment Diagram. 

When the forces acting on a structure are all parallel, as in 
Fig. 61, H is constant and the moment at any section is pro- 
portional to the ordinate of the string polygon. The string 
polygon is, therefore, quite similar to the moment diagram, 
especially if the pole is chosen on a horizontal line through 
n, so that the closing line will be horizontal. For example, if 
H = 10000 lbs. and y scales 34.5 ft., the moment is 345000 ft. 
lbs., while in the moment diagram the moment would be scaled 
directly and this scaled distance would have exactly the same 
length as y if the scales were properly chosen. 

The string polygon is of greater importance in theory than 
in practice; 'it furnishes a graphic representation of the varia- 
tion of the moment. 

64. The Graphic Method of Sections for Uniform Loads. 

According to Art. 57 (Fig. 55) the bending moment at any sec* 
tion of a beam distant x from the left support is, for uniform 
load, M^ = R^x—Yow^^- This shows that Mx may be represented 




--r 

;^-t- I » 1 

trr.r L I I J 

Fig. 63. 

by ordinates to a parabola whose maximum ordinate is at the 
middle of the beam and is cijual to 

The parabola may be constructed by the method shown for 
the right half of the beam, Pig. 63, or by constructing a string 
polygon as shown. The load is divided into a niunber of equal 
parts, and each part is considered as a concentrated load acting 
at its center of gravity. This is equivalent to the procedure for 
finding the moment at any of the sections of division and, there- 
fore, the string polygon will give the correct moments at these 
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MOMENT AREAS. 



Art. 65. 



sections. An inscribed curve, tangent to the string polygon 
(Fig. 63) is the string polygon for uniform load. 

In truss bridges the uniform load is transformed into con- 
centrated loads (panel loads) at the panel points, and the apexes 
of the string polygon will lie on a parabola. 

65. Moment Areas. In Fig. 64 the moment at any section 
as U or ss is Hy, y being the ordinate made by the string polygon 
in the section. The area enclosed by the string polygon is called 
the moment area. The moments represented by the ordinates 




Fig. 64. 

above the closing line are of opposite sign to those below the 
closing line. Moments which make a beam concave on the upper 
side (produce compre^ion in the upper fibers) are usually called 
plus moments. 

A moment area gives a graphic representation of the bend- 
ing moment at every section of a beam and is, of course, appli- 
cable to trusses as well as solid beams. Thus at sections through 
points a and 6, the moment is zero and at load P^, it is a maxi- 
mum. Between the points c and d, the moment is positive, and 
beyond them it is negative; these points of zero moment are 
dividing points of contrary flexure. The part cd of length L is 
exactly like an ordinary beam of the same length supported at 
its ends, because the moments at the supports are zero. The end 
reaction of such a beam, at c, can be gotten from the location of 
P3, P4, and P5, but it is also equal to the shear at c which is 
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1. What is the difference between a stress diagram and a 
force polygon? 

2. Explain fully hov; the signs of stresses are determined 
when algebraic methods are used and when graphic methods 
are used. 

3. What should be the uniform practice with regard to the 
angles giving the inclinations of the members of a truss and their 
functions ? 

4. • Find, graphically, the stresses in a truss Uke that of 
Fig. 61, with panel loads, at joints 3, 5, 7, and 9, of 15000 lbs. 
each, the panels being 15 ft. and the depth rf, 7i ft. Also for a 
single load at joint 9 such that i2i = 1000 lbs. 

5. Find the stresses in problem 4 algebraically and com- 
pare the results. 

6. Take a truss similar to that of Fig. 51 with a span of 
60 ft. (six panels of 10 ft. each), a height at the center of 15 ft., 
and vertical panel loads at joints 2, 4, 6, 8, and 10 of C400 lbs. 
each. Find the stresses algebraically and graphically and com- 
pare them. 

Note. — This style of truss is called a Howe truss. When the 
diagonal web members are inclined in the opposite direction, it 
is a Pratt truss. The instructor may assign individual problems 
by varying the span, the pitch, and the panel load. The above 
truss is one-fourth pitch because the ratio of height to span is {. 

7. Find the stresses in the truss of problem 6 when the sup- 
port is at joint 9 in place of joint 12 and a half panel load is 
added at joint 12. 

8. If the reaction Ri were known, would it be possible to 
draw a stress diagram for a full arch like that shown in part in 
Fig. 60? 

9. What is the bending moment at the middle of a beam 
of 24 ft. span for a load of 8000 lbs. at its middle? 

10. What is the maximum bending moment in the above 
beam for a load of 9000 lbs. 8 ft. from one support? What the 
maximum shear? 

11. At which load, in the beam of Fig. 41, is the bending 
moment a maximum? 

12. At which joint of the truss. Fig. 50, is the bending 
nioment a maximum? Where does the shear pass through zero? 
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13. What is the bending moment at the middle of a beam 
of span L, carrying a uniform load W7 What the shear? 

' 14. What is the bending moment in a beam of 20 ft. span 
at 4 ft. from one support for a uniform load of 400 lbs. per ft.? 
What the shear? 

15. In the method of sections, the sections are taken so as 
to cut how many members? Where are the centers of moments 
taken? 

16. In Fig. 57, take a section and write a moment equation 
for the stress in BC, 

17. Find the stresses in the truss of Fig. 50 by the algebraic 
method of sections. 

18. Find the stresses in the truss of Fig. 61 by the algebraic 
method of sections for the data given in Problem 4. 

19. Calculate f/, and Fj, Fig. 52, by the method of sections. 

20. Find C/j, D^j and L,, Fig. 61, for the data given in 
problem 4, by Culmann's method. 

21. For the same data as above, find the chord stresses 
by the method of Art. 61. 

22. Find, graphically, the maximum moment in the beam 
of Fig. 42, for loads of 18, 40, and 24 in place of 20, 15, and 10, 
respectively. 

23. Find the stresses in the truss of problem 6, by the 
algebraic method of sections. 



CHAPTER VI. 

STRESSES IN BEAMS AND GIRDERS. 

66. Classification of Beams. According to Art. 2, beams 
are of three kinds, simple beams, girders, and trusses. Simple 
beams and girders may be called solid beams to distinguish them 
from trusses, which are trussed beams. 

Simple beams usually have a uniform cross section from end 
to end. Timber beams usually have a rectangular cross section 
and steel beams an I-shaped one. 

Girders may have a uniform or variable cross section; the 
variation may be due to a variable depth or to a difference in 
length of flange plates. 

I beams, channels, Z bars, and girders have webs and flanges. 
See Fig. 1, Art. 2. 

Beams may be classified in accordance with the manner in 
which they are supported. 

1. Supported at both ends (commonest case) — simply rest- 
ing on the supports so as not to interfere with elastic bending. 

2. Fixed at both ends so that the axis at these points does 
not change direction when the beam bends. 

3. Fixed at one end and free at the other (cantilever). 
Case 2 becomes case 3 when one support is removed. 

4. Fixed at one end and supported at the other. This case 
is intermediate between cases 1 and 2, or 1 and 3. 

5. Continuous over three or more supports. 

In practice the condition of fixity at the supports is not met 
with except when the beam is "continuous over the supports and 
loaded beyond them; in other cases the fixity is only partial and 
the beam is often considered as simply supported. "Fixed 
ends *' implies freedom to change length due to elastic deflection 
and changes of temperature, which is the usual condition in the 
other cases. 

Beams may have straight axes or curved axes as in arches. 
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Art. 67. 



67. Qeneral Consideration of Stresses in Solid Beams. 

In the most general ease of forces acting in any direction and in 
any position on a bar, there will be produced, on any section, 
tensile or compressive stresses (normal), shearing stresses (tan- 
gential, bending stresses (normal), and torsional stresses (tan- 
gential). In special cases, any one of these stresses, or any com- 
bination of two or three of them may occur. According to the 
usual assumption, these stresses may be investigated independ- 
ently and the results of like kind, for any point, may be added. 
In Chapter IX combinations of bending and tensile or compres- 
sive stresses are treated. In this chapter only the usual cases of 
simple bending and shearing stresses are treated. When these 
two are combined, it is seldom necessary to find the resultant 
principal stress (12) ; a method of doing this is, however, given 
in Art. 76 and the lines of principal stress, for a certain case, are 
shown in Art. 77. 

Ordinarily, beams have loads acting perpendicular to their 
axes; they may be spoken of as vertical loads and horizontal 
beams. When the loads are inclined to the axis of a beam, there 
will' be a combination of bending, shearing, and tensile or com- 
pressive stresses— the horizontal components producing the lat- 
ter. Stresses are investigated upon sections perpendicular to 
the axis of a beam. In arches the shearing stress acts in a radial 
direction, and, in general, there will be shearing, bending, and 
compressive stresses upon the radial sections. In beams with 
straight axes, provision must ordinarily be made to resist the 
shear and the bending moment (57), and these are treated in- 
dependently although, in general, both shearing and bending 
stresses act upon each particle. Like provision must be made in 
trusses, but in this case the shear is not resisted by shearing 
stresses, but by tensile or compressive stresses in the web mem- 
bers and inclined chord members (58). 

68. Bending Stress in Solid Beams. Theory of Flexure. 
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In the special case shown in 

Fig. 65, the shear between thc^ 

loads is zero, and in this part 

of the beam there is only 

bending stress. Stresses in 

solid beams are investigated Y\%. 65. 

on planes perpendicular to the axis of the beam by the method 

of sections, as explained in Art. 57. It was there shown that the 
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bending moment at a section (the sum of the moments of the ex- 
ternal forces to the left of the section) is equal to the moment of 
resistance at the section (the sum of the moments of the stresses 
at the section). That the bending moment is equivalent to the 
moment of a couple is shown in 
Pig. 66, where i2 at c is the re-'f 
fiultant of all the external forces 
to the left of section mn ; this is 
equivalent to a force R at the 
section and a couple whose mo- 
ment is Ra (34). To resist the ' ^^ ^'^' ^' 
single force, the shearing stress, /8 = jB (2 vert comps. = 0) ; to 
resist the couple, it is only necessary that there be stresses at the 
section forming an opposite couple of equal moment (30). Since 
there may be many couples f ullilling this condition, the distribu- 
tion of the bending stresses is statically indeterminate. The dis- 
tribution of the bending stresses over the cross section of a beam 
is assumed to be in accordance with the theory of flexure. 

It is a matter of common experience that a load placed on a 
beam will bend it. In some cases the bending may not be appar- 
ent, but it nevertheless takes place on account of the elasticity 

of the material. Fig. 67 shows, 
to an exaggerated degree, the 
bending in the simple case of 
Fig. 65. If before the beam is 
loaded, two vertical lines were 
marked on each face, BB and 
B'B% Fig. 67, it would be 
found that when the beam is 
bent, these lines are no longer 
["r^TI^TT* parallel to each other, but that 
^ j W [ [^ the distance between them (in 
Fig. 67. this case) is diminished in the 

upper part of the beam and increased in the lower ^rf 
part. If the upper part of the beam is compressed and 
the lower part elongated, there must be an intermedi- 
ate surface in which the length of the fibers is un- 
changed ; this is called the neutral surface and is indi- pj^ gg 
cated by the line N^N^, The line in which the neutral surface 
intersects any cross section as NN (Pig. 67) is called the neutral 
axis. 





C4 THEORY OF FLEXURE. Art. 68. 

The assuvnptiom in the theory of flexure are: 

1. Originally plane cross sections will be planes after bend- 
ing takes place. 

2. The modulus of elasticity is constant throughout the 
beam. It follows that it is the same for tension and compression 
(for there will evidently be both kinds of stresses), and the 
stress must nowhere exceed the elastic limit (11). 

3. The fibers do not act upon each other but independently. 

When bending takes place, the fibers between any two cross 
sections are compressed above the neutral surface (Fig. G7) and 
elongated below it. According to the first assumption the change 
of length of the fibers is directly proportional to their distances 
from the neutral axis, as shown in Fig. 68, DD being originally 
parallel to BB. 

Under the second assumption, Hooke's law (8) must hold 
for all parts; it therefore follows that the unit stresses vary 
directly as the deformations, that is, the intensity of the bending 
stress increases directly as the distance from the neutral axis as 
shown in Fig, 67. This simply means that if the stress per 
square inch is 150 lbs. at a distance of one inch from the neutral 
axis, at a distance of two inches it will be 300 lbs., at a distance 
of 10 inches, 1500 lbs., etc. Tlie total stress at a certain distance 
from the neutral axis will, of course, depend upon the width ot 
the cross section. 

Since the moment of resistance must be equivalent to the 
moment of a couple, the resultant of the tensile stresses must 
equal the resultant of the compressive stresses, which makes 
**the sum of the horizontal components" zero because all other 
forces are vertical. 

It is evident that the maximum intensity of stress will occur 
in the fiber which is most remote from the neutral axis. The 
stress per square inch upon this fiber must not exceed the work- 
ing stress, and if the cross section is made of such dimensions and 
such shape that the unit stress in the extreme fiber is equal to th? 
working stress, the moment of resistance will equal the bending 
moment, and the problem is solved. 

The first assumption upon which the theory of flexure is 
based has the merit of being the simplest which can be made 
under the given circumstances. The second assumption limits its 
application to certain materials, and to stresses within the elastic 
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limits. It has been found, by careful experiments, that original- 
ly plane cross sections remain plane and perpendicular to the 
neutral surface, and that the length of the neutral surface docs 
not change; and this is practically true for stone, which does not 
follow Ilooke's law, even when it is, at the same time, also sub- 
ject to shearing stresses. Stone, concrete, and cast iron do not 
meet the requirements of the theory of flexure because they do 
not follow Hooke's law; the discrepancy is particularly large 
for cast iron, but the error is on the side of safety* 

The influence of shearing stresses which are usually com- 
bined with bending stresses is discussed in Art. 87. 

The third assumption can, of course, not be in accord with 
the facts. Since there is tension on one side of the neutral axis 
and comprassion on the other, there will be transverse contrac- 
tion and expansion (9), and the interaction of the fibers will be 
different from that in pure tension and compression, because the 
the stress on the inner fibers is less than on the outer oneis. Since 
the contraction and expansion decrease to zero at the neutral 
axis, the inner fibers interfere with both the transverse and longi- 
tudinal deformations of the outer fibers (13). 

The effect of the interactions of the fibers depends upon the 
form of the cross section, but the assumption is on the side of 
safety ; the interference with the deformations of the outer fibei-s 
makes the maximum stress less than the theory of flexure indi- 
cates. The more the area of the cross section is concentrated 
into two narrow strips parallel to the neutral axis, the less the 
discrepancy. The error is greater with a rectangular than with 
an I-shaped cross section. With a cross section, unsymmetrical 
about the neutral axis, this axis would have a sligthly different 
location from that indicated by the theory of flexure; if this 
were not so, the **sum of the horizontal components" would not 
be zero, because there would be a greater resistance on that side 
of the neutral axis where there is a greater proportion of fibers 
vertically over each other (Above AW, Fig. 67). 

Under the usual working stresses, the assumptions in the 
theory of flexure are practically correct for all materials of con- 
struction and their adoption has been all but universal. It 
should be remembered, however, that long compression flanges 
of beams should be stayed against transverse buckling, and that 
when bending and shearing stresses are combined, the limita- 
tions pointed out in Arts. 87 and 67 must also be observed. 
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69. Bending Stresses and Moments of Resistance for a 
Beam of Rectangular Cross Section. The moment is the same 
at any section between the loads, of the beam in Fig. 65, because 
the forces on either side of such section form a couple (30\ 
The bending moment is, therefore Pa, and M^ must equal Pa, 
that is, Ms=Pa = M^- 

itf , is easily found for a rectangular cross section as shown 

in Pig. 69. If the maximum al- 
lowed stress in the extreme fibers 
be 1000 lbs. per sq. in., the 
width of the section 10'', and its 
depth 18'', then the average unit 
stress in tension and compression 
Fig^ 69, is 500 lbs. per sq. in. ; these 

stresses act over an area of 10X9 = 90 sq. ins.; hence the total 
tension below and the total compression above the neutral axis 
equals 72 = 90X500 = 45000 lbs. It is evident that the neutral 
axis must be in the middle of the section in order that this con- 
dition of equilibrium may hold. 

These resultants of 45000 lbs. each act at the centers of grav- 
ity of the stress diagrams; and since these are triangles (for con- 
stant width), they act at two thirds of the altitudes from the 
vertexes, or at 6" from the neutral axis. The lever arm of the 
couple is then 12" and its moment is 45000X12 = 540000 in. lbs. 

If a = 4.5 ft., P should not be greater than ^ = 
10000 lbs. 

In the same manner a general formula may be deduced. 
The average unit stress is y^s^ ; it acts over an area Vobh; y^Sjbh 
is one force of the couple, and its lever arm is | h; its moment 
is ^ s^bh^ = M^, 

This value of AT, will be again gotten from the general for- 
mula for M , applicable to any cross section, which will now be 
deduced. 

70. Moment of Resistance for a Beam of Any Cross 
Section . Referring to Fig. 67, v denotes the vertical distance, from 
the neutral axis, of any element of area, and s the correspond- 
ing unit stress. Having decided upon the maximum unit stress 
(working stress) to be allowed in the extreme fibers — Sj or s^ — 
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the unit stress at unit distance from the neutral axis is-zr^^-^z' 

and at a distance t?, 8 = 8i — or sg — (9) 

If an infinitesimal area dA be considered, the stress over 
it will be constant and equal to sdA, and its moment about the 
neutral axis will be vsdA. (The center of moments may be 
taken at any point since the moment of resistance is equivalent 
■to the moment of a couple). Summing up the moments of all 

vsdA. 

Opposite signs for the parts above and below the neutral axis 
simply denote that the stresses are of opposite sign, as they 
should be, to make the moments of the same sign^ (Fig. 68). 

Substituting the value of s from equation (9), 




(10) 



in which J= / xMA (11) 

I is called the moment of inertia of the cross section ; it is a 
''second moment," while ivdA is the first or statical moment. 

The moment of inertia accounts for the fact that the stress 
varies as the distance from the neutral axis, and that the moment 
of this stress about the neutral axis varies in the same way. 

Since v appears as a square, the moment of inertia of the 
lower as well as the upper part of the cross section is positive, 
and they are added together. 

It is evident that the more the area is disposed away from 
the neutral axis, the greater will be the moment of inertia, and 
the greater the moment of resistance. For this reason steel 
beams and girders have I-shaped cross sections ; the average unit 
stress is much greater than in rectangular cross sections of the 
same height and area. Fig. 70 shows four different ways in 
which four angles and a plate may be riveted together to from a 

lit does not follow that the moment of the resultant of the tensile 
stresses equals that of the oompressive stresses, abont the neutral axis; this 
is lame for sections symmetrical about the neutral axis, but it is not neces- 
sary in order to satirfy the conditions of equilibrium; it is only necessary 
that the total tension shall equal the total compression, and that the mo- 
ment of resistance sliall equal the bending moment. 
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Fig. 70. 

beam, and the manner in which the strength is increased Dy 
moving the area away from the neutral axis, iViV. 

Equation (10) is perhaps the most valuable in the entire 
subject of stresses, and the student should be as familiar with 
its use as with the use of the ordinary multiplication table. 

If Vi is greater than i;^, 5^ will be the maximum unit fiber 
stress (working stress) and vice versa. The extreme fiher gov- 
erns the section. 

Perhaps the most convenient form in which to remember 
equation (10) is, since 3f, =3/, 

— = — or — = — == section modulus, ( 12 ) 

'fhis is most frequently written in the form (dropping the 

subscripts) , s = -^^ . 

In any case this equation must be solved by trial, because 
both I and v depend upon the section, unless a table of section 

moduli is available. — is called the section modulus because it 

V 

is a measure of the sections value in resisting bending. The 
tables for rolled shapes given in the rolling-mill handbooks give 
the section moduli and for these, equation (12) furnishes a di- 
rect solution as the following example shows. 

A beam of 20 ft. span carries a total uniform load of 9000 
lbs. The maximum moment will evidently be at mid-span and 

is eciual to ^^^^^ =22500 ft. lbs. (64). If the maximum 

allowed fiber stress is 16000 lbs. per sq. in., the required section 

modulus = — 7g™ — =z=l6.9 in.' (The moment must be in 

in. lbs. in order to divide it by lbs. per sq. in.). Acoording to 
column 8, Cambria p. 158, this requires a 9"X21.0 lb. I beam.^ 
An 8" X25.25 lb. beam has nearly the required section modulus 
but it weighs more; while it meets the requirements, the 9" I is 
not only more economical but stronger and stifTer. Stiffness is 
*The beam must be properly stayed against transverse buckling (68). 
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sometimes an important consideration as in the case of floor 
beams carrying plaster. 

A similar calculation usually fully determines the size of 
a beam to cany a given load, except in certain cases, of long or 
very short beams (76). 

If t'l and ^2 ^^G not equal, the section moduli for tension 
and compression are not equal. If the working stresses in tension 
and compression are the same, that one governs whose extreme 
fiber is the farther from the neutral axis, and this is the one given 
in the handbooks for unsymmetrical sections. The other one 
may be easily calculated from the moment of inertia which Is 
also given for various axes. IIow to calculate the moment ol 
inertia for any section about any axis is explained in Art. 72. 

71. Location of the Neutral Axis. The neutral axis is 
located by the requirement that the total tension on a cross sec- 
tion must equal the total compression, or that the algebraic 
sum of the normal stresses must be zero, that is, 

8dA = 0^ which from equation (9) becomes — / z/d-4 = 0. 

This can be true only when 

'4-vi 

vdA = (13) 

— v% 
This is the algebraic simi of the moments of the areas about 
the neutral axis, and requires that the moment of the area abov^: 
the neutral axis shall balance the moment of the area below it ; in 
other words, the neutral axis must pass through the center of 
gravity of the cross section. 

Unless otherwise particularly specified, the moment of in- 
ertia of a cross section is referred to an axis through its center of 
gravity. 

The location of the center of gravity of the sections of rolled 
shapes is given in the handbooks. For other areas the engineer- 
ing pocket-books, or any book on theoretical mechanics may be 
consulted.* The location of the neutral axis, or center of grav- 
ity, is determined below for a few cases. 

The center of gravity of an area is simply the point about 
which it would balance if it had weight which was uniformly 

'See Goodman's Mechanics Applied to Engineering^ chajiter m, 
and "Cambria" 
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distributed over the area; it is the point of application of the 
resultant of all the elements of an area treated like forces and 
may, therefore, be found algebraically or graphically. 

It foUows that the center of gravity is always on an axis of 
symmetry. Thus in Pig. 67, the center of gravity is on VV; it 
is only necessary to find v^ or v^. 

In equation (13) v is the distance of any element of area 
from an axis through the center of gravity. But since it is the 
location of this axis that is to be found, moments can not b<! 
taken about it. Moments may be taken about any parallel axis 

as QQy Fig. 67. Now / t;'dA = ^(Vg+di), in which v^ is 




measured from QQ, Since d^ may be any assumed distance, it 
may be zero, whence 




(14) 



The center of gravity of a rectangular 
cross section lies, of course, at the middle of 
its height, but applying equation (14) 



R-i^ 



d = 



Cv'dA Cv 
Jo Jo 



h 

i/bdi/ 



=L?!;i-i*. 




Fig. 71. 
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Since the location of the center of gravity of a rectangle 
is known, the center of gravity of any section which may bo 
divided into rectangles, is easily calculated. Any irregular sec- 
tion may be thus treated, the accuracy depending upon the num- 
ber of divisions made. It will sometimes be simpler to consider 
a section as a combination of rectangles and triangles. 

Fig. 72 shows an area which may be divided 
into two rectangles whose areas are 

6x1/2=3.00 sq. in. 
8X1 =8.00 sq. in. 

A =11.00 sq. in. 
Taking moments about QQ 
Ad = 11.00d = 3X8.25+8X4.0 = 56.75 
From which (i = 5 . 16 inches. 

The center of gravity may be found unth^ewer figures if 
we take moments about an axis through the center of gravity of 






3U-^ 




4w\ 



r- 



^ 



Fig. 72. 



• • • 






Art. 71. LOCATION OF THE NEUTRAL AXi6. 



101 



one of the parts, when the moment of this part becomes zero. 
In the above case, with axis Q^Q^ 

11 d'= 8X4.25 = 34.00 and d'=3.09 in. 

This is the sar.:c location as found above for, 

d = 8.25-d'= 8.25-3.09 = 5.16 in. 

A steel shape, whose properties are given in the handbooks, 

should not be divided in the above man- 
ner. Referring to Pig. 73 and ** Cam- 
bria*' p. 174, the center of gravity of 
the angles is 0.75 in. from the back of 
the longer leg.- Taking moments about 

Fig. 73. ^^^ QQ^ 

1.3.5 d = 6(6.125-0.75) =6X5.375 = 32.25 and d = 2.39 in. 

For a triangle. Fig. 74, the application of equation (14) is 
as follows. 




2 IS s'lS'ti'm 7.^\ 
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Fig. 74. 






Fig. 75. 



This becomes, since x :b ::v' -.h and x 



t^, 



r.=l-f^ 



t,'«dt/ = 4 XiA» = |A. 



A« 



72. rioments ol Inertia. Having located the center of 
gravity of an area, the moment of inertia about an axis through 
it (the neutral axis) is found by means of equation (11). / is 
a quantity of the fourth order— the square of a distance times 
an area. 

For a rectangle, Fig. 70, 



/+ih 
v^bdv = 
-lA 



/= / ^bdv = i6(iA»-f JA») = ^¥ (15) 

This value should be remembered as it is frequently used. 



• • • • • • 
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For a triangle, Pig. 74, 

ifh:dv x=^{ih—v) 

or one-third as much as for a rectangle of the same base and 
height. 

For a circle, Fig. 75, 



tPxdv:=4: I r^mt?4irco84^rco84^d4» 
-r Jo 

/ = 4r* I sir 

Jo 



sin? <ft co8^ <ftd<l> = ^ irr* 

The moment of inertia is four times that of one quadrant. 
In like manner / for a rectangle is twice that for half of it, and 
it follows that / for a rectangle about one edge is^ 6 A' in which 
h is twice the height, that is 

A = 2Ai and /= ^ h(2hxY = i 6Ai« 

It is often necessary to find momejits of iiiertia for axes 
parallel to the neutral axes. In Pigs. 72 and 73, for example, 
the neutral axis NN of the combination is the one about which 
the moments of inertia of the elements of area (rectangles and 
angles) is desired. Equation (11) is applicable; thus in Fig. 67, 

H-vi f+vi r-\-vi r-\-vi 

I^= I {v+dy dA= j 7PdA+2d I vdA+d^ I dA 

Sinre / vf^dA =L I vdA = and I dA = A 

[See equations (11) and (13)]. 

I^=I+Ad^ (16) 

This equation is of much practical importance and the stu- 
dent should be familiar with its meaning. Equation (16) means 
that the moment of inertia of any area, about an axis parallel to 
the neutral axis, is equal to the moment of inertia of the area 
about its neutral axis, plus its area times the square of the dis- 
tance between the axes. 



{V- 

j i?dA =1, I \ 
' — w J — 
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The same result may be gotten as above by integrating 
d+vi 
Jq = I f/^dAj and these operations are applicable to any kind 

of area, Pigs. 71 to 74, for example. 

Moments of inertia of irregular areas may be gotten ap- 
proximately by dividing them into a number of rectangles, or 
mechanically by means of a moment planimeter. The moments 
of inertia of angles, channels, Z bars, etc. should be taken from 
the handbooks. 

To find the moment of inertia of the cross section shown in 
Fig. 72, about its neutral axis NN, equations (15) and (16) are 
used, the area being treated as two rectangles as was done in 
finding d, 

^=^^^^^^' = l2><^ + -&=^2.73 

^(P== 3X3.092+<SX1.1(V^ = 39.41 

/ for axis NN= 82. 14 in.* 
'For the section of Fig. 73 refer to Cambria. 

/=:iV X i + 12»(for plate) + 2 X 2.58 (for angles) 

= 72.0+5.16 = 77.16 

Ad- = 6X (61/8-0.75-2.39)^+7.5X2.39* = 96.30 

/ for axis NN =173.46 in.* 

It is often more convenient to find / by subtraction than by 
addition ; thus for a ring whose external radius is r^ and internal 
radius r^, ^=V4:V {rj^—r2*). 

73. Oblique Loadins^. In what precedes it was assumed 
that the neutral axis is perpendicular to the plane of the bending 
moment. In Fig. 67 the plane of the bending moment cuts the 
cross section in W, an axis of symmetry. On account of this 
symmetry, the plane of the resisting moment is evidently coinci- 
dent with that of the bending moment, and it follows that the 
neutral axis is perpendicular to this plane, since the moment of 
resistance is a moment about it. This may also be true if the 
section has no axis of symmetry as is shown by the following 
consideration. In Pig. 67, the origin of a rectangular sytem of 
coordinates is at the center of gravity of the section and the axis 
of Z is coincident with the neutral axis. Since the external forces 
lie in the plane whose trace is the axis of V, the sum of their 
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= 0or 



moments about this axis is zero; the sum of the moments of the 
stresses about this axis must also be zero, that is, 

CsdAz = 

Substituting the value of s from equation (9), —r- I vzdA 

CvzdA^O (17) 

When equation (17) holds, the plane of the bending moment 
and that of a moment equivalent to the sum of the moments of 
the bending stresses are coincident. In Pig. 67, there is, in the 
second quadrant, an element of area for every one, similar!/ 
located, in the first quadrant. The product vz is plus in the first 

quadrant and minus in the second, hence I vzdA, for these 

quadrants is zero. Similar reasoning applies for the third and 
fourth quadrants ; therefore, when the plane of the bendi7ig mo- 
ment cuts the cross section of a beam in an axis of symmetry, the 

I vzdA = ; this is also true when there are similar areas 

similarly situated^ in the first and fourth quadrants, 
and in the third and second quadrants, as shown in 

Fig. 76, because i vzdA for these quadrants cancel 

each other, and therefore I vzdA = 0. If the plane of 

the bending moment corresponds with ZZ, we have 
the case of symmetry. For these two cases the neutral \y 
axes are at right angles to each other. The similar ^^- ^^• 

axes for a single angle of equal legs are shown in 
Fig. 77. 

A Z-bar cross section does not have an axis 
of symmetry, but there are also two axes, at right 
angles to each other, each of which will be the 
I ,N) neutral axis when the other is the trace of the 
Fig. 77. plane of the bending moment. For these axes 

I vzdA = as will be seen by ref- 
erence to Fig. 78. For the axes 



I' 



— z 




Vjr^ and ^1^1, fv,z,dA = for^^^ 



the web, since they are axes of 
symmetry; for the flanges this is ^" 
not true because ViZi is minus for 
both of them. Now if the axes be 
turned so as to take some position 






Fig. 78. 
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W and ZZ, some of the area passes into the first and third 
quadrants (plus) and some passes out of the second and fourth 
(minus) ; there must be some position of the axes for which the 

plus value of j vzdA is equal to the minus value and therefore 

I vzdA = 0, and the neutral axis is perpendicular to the plane 

of the bending moment. 

If the following values are calculated for any two rectangu- 
lar axes as V^V^ and Z^Z^, for example, viz. I vMA = L, 

j z^dA = /vi, and j v\z\dA = Jvizi, the | 'fidA = I^ may be 

found in terms of tb'^e (quantities and the angle a. Differentiat- 
ing with respect to a und putting the first differential coefficient 
equal to zero, it will be found that Zz is a maximum or a mini- 
mum, when a is determined by this equation : 

tan2a=-j~'-^ (18) 

I izi 

Equation (18) will give two values of 2a diflfering from each 
other by 180^, or two values of a differing by 90°. These two 
values locate two axes, at right angles to each other, about which 
the moment of inertia is a maximum or a minimum. These may 
be distinguished from each other by inspection ; thus in Fig. 76, 
/z is a maximum and /y is a minimum; the corresponding axes 
are cal od principal axes. Every cross section, no matter what 
its shapK^ may be, has two principal axes. 

Equation (18) shows that when ly^ = 0, a =0 and 90°, 
that is the principal axes coincide with the axes of V^ and Zj. 
Since it Ini been shown that /vb = when one axis is an axis of 
symmetry^ it follows that an axis of symmetry is a principal 
axis. See Figs. 67, 76 and 77. An axis at right angles to an 
axis of symmetry is a principal axis, since it has been shown that 
principal axes make an angle of 90° with each other and that, in 
this case, Zy, = 0. 

For angles of unequal legs, and for Z-bars, the principal 
axes are located in the Cambria handbook. 

In practice, sections having at least one axis of symmetry ara 
usually used for beams, and they are so placed that a principal 
axis lies in the plane of the outer forces. A common exception 
to this is tho case of a roof purlin, which has an axis of symmetry 
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parallel to the roof while the load, which it carries to the roof 
trusses, acts vertically. This is illustrated for a timber purlin 

in Pig. 79. 

In order to find the maximum fiber 
stress, it is not necessary to find the posi- 
tion of the neutral axis. The bending mo- 
ment is M and its plane is vertical. If it 
is resolved into two components whose 
planes contains the principal axes (as 
shown), the extreme fiber stresses for each 
Fig. 79. component may be calculated, according to 

eciuation (10), and the results added algebraically. 

«=___„ 4.-^2 (19) 

Mcoda produces compression at a and b, and tension at d 
and c. Msina produces compression at b and c, and tension at a 
and d. The maximum resultant compression will evidently be 
at h and the maximum tension at d. 

A single channel is frequently used as 
a roof purlin, as shown in Pig. 80. Por a 
quarter-pitch roof (rise equals one-fourth 
of the span), a =26° 34'. Knowing the 
span and the load, M is easily calculated. 
Assuming ilf = 68000 in. lbs., in this case, 
Msin a = 68000 X 0.447 = 30400 in. lbs., 
and Mcos a = 68000 X 0.894 = 60900 in. 
lbs. The other quantities of equation (19) 
are given in the Cambria handbook. 

8&ib= -^^ 3 -f ^^ 1.4 = 74800 lbs. per sq. in, 

« at d==^^-3 +i^0.52 = 36600 lbs. per sq. in. 

At c and a, the stresses will be less, because the two terms 
will have opposite signs. 

Since these stresses exceed 16000 lbs. per square inch, the 
usual working stress, the channel is too small, although as com- 
monly designed, the maximum stress is found to be less than 
16000 lbs. per sq. in. This stress is calculated as if the plane of 
M coincided with that of the principal axis, in which case 

« = --j^ V = ^g 3 = 157(X) lbs. per sq. in. 
The above discrepancy may be much reduced, as it often isi 
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by preventing deflection in the direction of the axis of Z ; this 
cancels Msinaand then equation (10) is applicable. 

It is evident that the position of the neutral axis is not 
needed in getting the maximum fiber stress, but it may easily be 
found from equation (19), if the moments of inertia about the 
principal axes are known (/y and /a). If the coordinates, v' and 
z\ of a fiber on the neutral axis^re substituted in (19), 5 must 

be zero and sino- -r- = —coso. -^r- or 



2f 



Jy 



h 



= — tana -^=tanp 



(20) 
in which p is the angle between the neutral axis and the axis of Z. 

In the above case, Fig. 80, tan /? = — 0.5— - = 9.28 and 

^ 0.7 

/? = 83° 51'. /? determines the direction of the neutral axis 
and the deflection must be in a direction perpendicular to it. 

When the direction of the neutral axis is not known, it may, 
in certain cases, be doubtful which are the extreme points; this 
is easily determined by calculating the stresses from equation 
(19)^ 

74. Relation Between the Bending: Moment and the Shear 

^ *^ - - at Any Cross Section 

^ of a Beam. A very 

important and very 

y simple relation exists 

between the bending 

moment and the 

shear. Pig. 81 shows 

Fig. 81. a beam supported at 

its ends and carrying concentrated loads, but the same relation 

holds in beams loaded and supported in any manner. R is the 

resultant of the forces to the left of the section pq, 

R=.S^ = Ri—VP and M^ = Rb = R^x—%IP (x—a) 

For the section at a distance dx from pq, 

M^+dM^ = R (b+dx) =S^ib+dx) 

and the increase of the moment is dM^ = Sxdx. The rate of in- 
crease of the moment along the beam is therefore, 




dx 



= 8. 



(21) 



^Fof a more general disciission of this general caa^ of bending, with 
examples, see Johnson* a Modem Framed Structures p. 154, or German 
works on technical mechanics or the statics of construction. 
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The same result is obtained by differentiating the value of 
Mx above and substituting Sx for its value. 

The importance of this simple relation is apparent when it 
is remembered that the moment is constant, is a maximum, or 

is a minimum when -r-^ = 0. It follows that, 

1. Where the shear is zero or passes through zero, the mo- 
ment is constant or is a maximum or a minimum. 

2. Where the shear is uniform, the increase of the moment 
is uniform. 

3. That the area of the shear diagram to the left of any 
section is equal to the moment at the section since 

CdM= Csdx = M, 

The shear and moment diagrams of Figs. 94 to 112 should 
be carefully compared to understand these relations. It should 
be remembered that the moment is not a maximum where it 
passes from a positive to a negative value, and that the shear be- 
comes zero or passes through zero at a support. 

That the moment is dependent upon the shear (a resultant) 
and the distance through which it acts is shown in Fig. 81, where 
Mx = Bb. 

75. Shearing: Stresses In a Solid Beam. In addition to the 
bending stresses (normal) at a section, there are, in general, also 
shearing stresses (tangential) in order that **the sum of the ver- 
tical components" shall be zero as was shown in Art. 67. The 
shear (the sum of the vertical components of the external forces) 
is equal to the shearing stress (the sum of the vertical compon- 
ents of the internal forces). 

It is usually assumed that shearing stresses are uniformly 
distributed over the cross section of a beam. This is a reasonable 
assumption for an I-shaped section and perhaps also in certain 
other cases as will be pointed out below. 

As was shown in Art. 74, the shear and the bending moment 
are dependent upon each other: it follows that the shearing 
stresses and bending stresses are interdependent and that the dis- 
tribution of the shearing stress depends upon the distribution of 
the bending stress, that is, upon the theory of flexure. 

In order to fully investigate the stresses at any point of a 
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beam, three planes should be passed through it. In the UBual 
case, which is the only one here considered, the cross section is 
symmetrical about the plane of the bending moment, and there 
is no variation of stress parallel to tlie neutral axis, or perpen- 
dicular to the plane of the bending iiionient. It remains to find 
how the stress varies vertically, and horizontally lengthwise of 
beam. That there are horizontal shearing stresses will now be 
shown. If we find how the horizontal shearing stresses are dis- 
tributed, the distribution of the vertical shearing stresses will 
be known because, according to Art. 17, their intensities at any 
point must be equal. 

A miiiierieal case will be first worked out and a general 
formula derived aftenvard. 




FiK. 82. 
Considerintr the simple case of a rectanpnlar beam, KK'X 
16", carrying a single load aa shown in Fig. 82, the shearing 
stresses at all sections between the left reaction and the load will 
be alike, because the shear nt each section is 3000 lbs. It follows 
that the horizontal shear does not vary lengthwise of the beam, 
in this part of it. 

Considering two cross sections AB and A'B', one inch apart 
the difference in the bending moments is 3000 in. lbs. If the 
equilibrium of a block cut out by these two sections and the 
neutral plane be considered, the forces acting upon it come 
from the stresses cut in these three planes as illustrated in Pig. 
■ 82. 
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and this iB^according to equation ( 12) ,81= 

sq. in. The 



= 7^=7.03 lbs. per 
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Fig. 83. 



Btress upon the planes A'5' and AB is one half of this or 3.515 
lbs. per sq. in., and the total diflTerence of stress is 3.515X8X10 
= 281.2 lbs. acting towards the left. This can be balanced by 
a shearing stress on the plane BB^ only. The area of this plane 
is 10 sq. ins., hence the intensity of the horizontal shear at the 
neutral axis is 281.24-10 = 28.12 lbs. per sq. in. This is just 
50% greater than the mean unit shear on the cross section, be- 

3000 

cause that is j^j^Tq =18 . 75 lbs. per sq. in. 

The horizontal shear evidently decreases from the neutral 
nxis outward, because the difference in the normal stresses on 
AB and A'B' decreases. At the upper and lower edges of the 
cross section, it becomes zero, hence the vertical shear is also 
zero at these edges. This is evident also, if the Action of shear at 
a section is considered. Pig. 83 shows the 
movement which tends to take place at a sec- 
tion AB, It is seen that there ^s no resistance; 
to the downward movement of an extreme 
particle at F; likewise there would be none 
to C moving up, if there were no external 
forces applied at D, Such forces are applied at certain sections 
of pins and rivets used in connecting parts of trusses and gird- 
ers, and modify the distribution of the shearing stress in an 
unknown manner. The usual assumption of uniform distribu- 
tion seems to be justified by experiment. 

When a cross section is curved at any point of its perimeter 

tJie shearing stress must aof tangen- 
tial l^f, because the normal component 
must be zero, since the condition in its 
direction is the same as at the upper 
and lower edges of a rectangular 
section. 

Fig, 84 shows a crass section sym- 
metrical about the plane of the shear 
aS. At the points P', the shearing 
stress must act tangentially and it is 
usually assumed that the resultant of 
all the shearing stresses, acting at the 
points of a horizontal line, goes 
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through the point and is opposite to S. This makes the ver- 
tical components of the unit stresses along P'P' equal, and since 
the horizontcil Components increase toward the points P\ the in- 
tensity is greatest at these points. 

To derive a general formula for s^ at any point of a cross 
section, the procedure is similar to that for the numerical case 
above. In place of taking the two sections one inch apart, as in 
Pig. 82, they will be taken a distance dx apart, so that the stress 
in this distance may be considered of constant intensity, and the 
horizontal section will be taken a distance v above the neutral 
axis. The longitudinal stress on an element of area 2w wide and 
dv deep is 2wdv8 and the total stress, above the horizontal sec- 



2 



tion is / 2wsdv. Substituting for s its value from equation 
( 12) , the total stress on one end of the block is-^ I 2wvdv ; the 




M^ ■'^ 



total stress on the other end of the block is -j^ / 2wvdv, The 

J V 

difference between these stresses is equal to the horizontal shear 
on the area 2wdx. M' — M = dM=^Sdx according to equation 

(21); therefore, — j — / 2twdv = — j- I 2wvdv = total hori- 

J V J V 



zontal shear. «,' = ^^ / 2tovdv = unit shear in a strip whose 

Jv 
sides are vertical = 8. co8<f» in a strip whose sides are not vertical 

(Fig. 84). Therefore, 

«- = 2u;cf^/ / 2w^^ =2wcosi>I (22) 

in which 31^ is the statical moment of that part of the section 
l3dng above a horizontal line through the point where 5. is to be 
calculated. 

For a rectangular cross section ^ becomes zero and cos<l> = 1. 

Equation (22) reduces to « = by^^bh^ / ^^^ When v=0, that 
is, for stress at the neutral axis. 






«. = -W^ / tHi«=-gp-X-g- = 2-:i (28) 
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This shows that the unit shearing stress at the neutral axis 
of a rectangular cross section is 50% greater than the mean 
value. This corresponds with what was found in the numerical 
example above. 

When V = i/^A, 5. = as was found above from general con- 
siderations. 

For a circular cross section e<iuation (22) becomes, for 
points on the circumference, 

a 

«.= o^n^^^ r I 2r €08 <l>' r siuifi' rcosii' d 4^' = 




2rcof^<f>^I 

sin 4^ 

coifi^^I I sin 4^' co^ 4^ d 4/ 

J ¥ 
Ir==L\7tr^ (68) and for strees at the neutral axis, <^ = 0, and «, is 

constant over the full width, so that 

8,=-^;;:^ I sin4i' co^4> d4> = ^:^i—'^^ (24). 

Jo 

This shows that the unit shearing stress at the neutral axis of 
a circular cross section is 33 1-3% greater than the mean value. 
Equation (22) is not applicable to an I section on account 
of the sudden change in width at the junction of the flange and 
web. For such a section the usual assumption of uniform distri- 
bution of the shearing stresses, over the section of the web only^ 
is on the side of safety. These stresses must be zero at the upper 
and lower edges of each flange, but since the flanges take some 
stress, the efl:cct is to approximate to a uniform distribution of 
stress vertically Thus the actual maximum unit stress will be 
about the same as the unit stress on the assumption. 

According to the above investigation, the 
shearing stress is the greatest at the neutral axis 
and becomes zero at the upper and lower edges. 
The law of variation between these extremes de- 
pends upon the cross section. For a rectangular 
cross section, the stros:s;\s vary as the ordinates to 

a parabola whose mi(Mle ordinate is^j-j. This is 
i*ig- 85. jg iUixstrated in Fig. 85. 




76. Resultant of Bending: and Shearing Stresses. Principal 
Stresses in Beams. The bending and shearing stresses in beams 
and girders have so far been considered separately, and it has 
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been shown that, in general, both occur at any point in B beam. 
TJie question arises, why is the resultant stress— the principal 
stress (12) —not calculated? 

According to Art. 75, the shearing stresses increase from 
the neutral axis outward, and according to Art. 68, the 
bending stresses increase in an opposite direction. In the outer 
fibers, the bending stresses are a maximum and the shearing 
stresses zero; at the neutral axis the reverse is the case. The 
maximum resultant stress occura somewhere between the 
neutral axis and outer fiber, and its intensity might be greater 
than the maximum intensity of the bending stress, dependin>? 
upon the form of cross section. The common I section is an un- 
favorable one in this respect. Since it is unknown how shearin*? 
stresses are distributed over an I section, calculations must al- 
ways be made upon certain assumptions; such calculations in- 
dicate that, within certain limitations, the bending and shearing 
stresses may be considered separately, and, in simple beams, th*j 
shearing stresses need not be considered at all (See example Art. 
70). 

The resultant stress is evidently less in a beam uniformly 
loaded (supported both ends) than in one carrying a concen- 
trated load, because in the one case the maximum shear comes at 
the supports, and the maximum moment at the center section, 
while in the other these sections coincide. (See Figs. 101 and 
96. Also compare shear and moment diagrams for other cases.) 
Suppose a beam to be designed to resist the maximum moment 
caused hy a single load; if now the span be decreased, the moment 
becomes smaller, and the shear remains the same. It is evident 
that in very short beams, the bending stresses are negligible as 
compared with the shearing stresses, and the usual procedure is 
not applicable. This is especially true for timber beams. The 
resistance to shear in sections parallel to the fibers being the 
least, short timber beams sometimes fail (at the neutral axis) in 
horizontal shear. A similar failure might occur in very short I 
beams heavily loaded, because the web is thin. 

For example, if a timber beam 12''Xl2" has a span of 4 ft. 
and carries a load of 24000 lbs. at its middle, its extreme fiber 

stress is s= ^' = ^f^^^^^J = 1000 lbs. per sq. in. (Eq. 10). The 

maximum unit shearing stress is ^^X ^<^^ ^^ = 125 lbs. per sq. in. 
(Eq. 23). Now if the working stresses are 1000 lbs. in the ex- 
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treme fiber and 100 lbs. in shearing with the grain, the beam is 
overstrained in shear. (See Cambria p. 361). The shear is the 
same near the load as at the end and therefore the maximum re- 
sultant unit stress may be greater than either of the above. How 
13 calculate this principal stress will now be shown. This is of 
importance only in exceptional cases and for theoretical con- 
siderations. 

It has been shown that on a vertical section of a beam 
there are normal and tangential stresses, and on a horizontal sec- 
tion there are tangential stresses. If equations are written giv- 
ing the stresses on a plane making an angle ^ with the vertical 
section, in terras of these stresses on vertical and horizontal 
planes, the value of <^ which will make the normal stress on the 
inclined plane a maximum can be easily found. 

Pig. 86 shows the face of a triangular block, ^ ^■'^- . 
taken indefinitely small, so that the unit stresses 
on the three surfaces whose traces are AB, AC, 
and BC may be taken constant The plane' 
whose trace is ilC is taken in a vertical section 
on the tension side of a beam. The unit stresses 
and not the total stresses are shown in the figure. Fig. 86. 
It should be remembered that there is no variation in stress per- 
pendicular to the plane of the paper, that there are no stresses 
on the front and rear faces of the block, and that the unit shear- 
ing stresses on ^B and AC are equal (17). Fig. 86 is a repre- 
sentation of the various stresses in a beam.^ The problem is to 
find that value of ^ which will make St' a maximum (Also s/). 

Taking dA as the area of the plane whose trace is BC, the 
equilibrium of the block requires the sum of the horizontal and 
vertical components of the forces to be separately equal to zero. 
The area of the plane AB = dA8in<t>Knd oi AC, dAco8i>. 

From the sum of the horizontal components 
sldA cos ffi — s^dA sin <fi — s^dA sin <^ — StdA cos <f>= 0. 
Canceling the factor dA, this equation becomes, 

s/cosij} — sj sinfl}S,sin<l} — s cos 4^=0. (a) 

In like manner from the vertical components, 

«fc' sin <^+«.' cos <l> — s, cos 4>= 0. (b) 

^This is a Rpecial case of the general problem in which there is also 
a normal stress on AB. 
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Multiplying the first equation by cos^ and the second by 

sin <^, and adding, s/ is eliminated. 

«/ co^<l> — ^8/ sin <!> cos fj>—s^ sin ^ cos <^— «t co»^ <^ = 0. 

s! siv? <A+^b' **w <^ co« ^ — s sin ft>cos<l> = 

si = 8j cofi^ <A+2 8, sin if} cos <^ which reduces to 

8/ = J8t {1+cos 2 <^)+5, «in 2 «^ (26) 

5/ = J 8t 8^n 2 <^+^s cos 2 ^ (26) 

Equation (26) is gotten by multiplying (a) by sin^, (6) by 

cos ^, subtracting, and introducing the angle 2 <^. 
From (25) j for a maximum or a minimum St' 

^^ = -- St sin 2<l>+2 Ss cos 2il> = (c) 

ton2cA = 2y- (27) 

Tan 2 ^ has the same value for two angles differing from 
each other by 180° ; therefore <^ has two values differing by 90°, 
one of which locates the plane upon which St' is a maximum, and 
the other the plane upon which s/ is a minimum. By substituting 
the value of 2 <^ from (27) in (25) these values are determined. 
From (c) or (27), 

These values in equation (25) give 

The larger value is the maximum principal stress and the 
smaller value the minimum principal stress (12). These will be 
of opposite sign, because the negative term is greater than the 
positive term; this means that one is tension and the other 
compression. On the compression side of a beam St is replaced 
by Sc and 5t' by Sc\ 

If equation (28) gives the values of the principal stresses, 
the value of ^ from equation (27) should make Ss' = in equa- 
tion (26) ; that this is true is apparent by comparing equations 
(c) and (26). 

When Sg is zero as it is in the extreme upper and lower fibres, 
equation (28) becomes 5t' = St or 0; the resultant stress is equal 
to the bending stress— tension in this case— and the compressive 
stress is zero. Now the principal stresses lie in the horizontal 
and vertical planes, as is also shown by equation (27). 

When St = 0, as it does at the neutral axis, equation (28) 



116 



LINES OF PRINCIPAL STRESS. 



Art. 77. 



becomes 8' = db 5s and equation (27) gives <^= 45** and 135°. 
which agrees with the conclusions in Art. 17. At the neutral 
axis the principal stresses are equal, of equal intensity with the 
shearing stresses, and act on planes making angles of 45° with 
the neutral plane. 

From equation (26), for maximum or minimum ^« 



d0 



= — St cos 2 <l> — 2 8, sin 2 <^= 



tan 2 </!>= — -. 



«t 



28s 



(d) 

029) 

This value is tlie negative cotangent of the angle determined 
by equation (27), therefore the value of 2(i> for maximum or 
miiymum «/ differs from that for maximum or minimum St by 
90°, and the values of ^ differ by 45°. This fact has already 
been brought out for points on the neutral axis. 

By comparing equations (d) and (25), it is apparent that 
ix does not become zero when Ss' is a maximum or minimum; 
its value is St^ = i/^St ; this is true in the case of Fig. 5, Art. 12, 
when the inclination of AB is 45°, as may readily be proven. 

By substitution in equation (26) from equation (29), 

Equation (30) shows that the maximum and minimum 
values of the shearing stresses are numerically equal, which 
agrees with the conclusions of Art. 17. 

77. Lines ol Principal Stress. Knowing the intensity of 
the shearing stress (««) and the bending stress (^t or Sc) at any 
point in a vertical section of a beam, the inclinations of the 
planes on which the principal stresses act may be gotten from 
equation (27) ; these will also be the inclinations of the lines 
of principal stress, because they are at right angles to each other. 

Curves having these 
inclinations for every 
point through which 
they pass are lines of 
principal maximum 
and principal mini 
mum stress. Pig. 8V 
shows approximately 
the location of such 
Fig. 87. lines in a beam, sup- 

ported at its ends and carrying a load at the center. 
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The dotted lines are lines of tension, and the full lines, lines 
of compression. The former are evidently lines of maximum 
principal stress below the neutral plane, and of minimum prin- 
cipal stress above it. The reverse is the case for the compression 
lines. 

In a^ccordance with the previous article, these lines cross 
each other at angles of 90^ and the neutral plane at angles of 
45°. The stresses along them gradually decrease from the cen- 
iral plane to their ends, at the upper and lower edges. At a 
the shearing stress is zero, the bending stress alone acts, and the 
line is horizontal; toward the neutral axis, the influence of the 
shearing stresses increases, and that of the bending stress de- 
creases, bringing the line to an inclination of 45° at &, where 
the shearing stresses alone act; above the neutral plane the 
compressive stresses gradually reduce the tension to zero at c, 
and the line becomes vertical. At d, e, and f, the lines are in- 
clined, owing to the influence of the shearing stress. 

In a beam carrying uniform load the lines would all bo 
horizontal at the middle section, because the shear is zero, and 
the curves would be flatter, because the shear increases toward 
the supports. 

If the lines of maximum and minimum shear were drawn 
they would cross the lines of principal stress at angles of 45° 

78. Working: Stress for Cases of Compound Stress. It 

was pointed out in Art. 13 that transverse forces, acting upon 
the sides of a bar in tension or compression, interfere with the 
longitudinal deformation so that it is no longer proportional to 
the longitudinal stress. There is a similar state of things in a 
beam, the shearing and bending stresses resulting in tensile and 
compressive stresses acting at right angles to each other. 

Working stresses are based upon experiments in simple 
tension, compression, and shear, for which cases equation (2), 
ES==s, holds. When stress and deformation are not directly 
proportional to each other, the question arises. Shall the working 
stress be based upon the intensity of the maximum stress or upon 
the maximum deformation? Experiments alone can determine 
this, and these are beset with such difiiculties that authorities do 
not agree, as yet, upon this matter. The weight of authority 
seems to be in favor of considering the maximum deformation. 
in the line of principal stress, as the best basis for a working 
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stress. Having calculated this, as explained below, an equivalent 
direct stress is used as. a working stress. 

Knowing Smax-, S^ -= E Smax- 

For the case of Art. 76, 

S't (max) ==— - «' (max) /» (rain) I 

AL rn J- 

^c (max) =-; f/^ (max) s'c (min) I , 

-c* L m J 

Substituting? -^ for 8n,ax 

»^=«/(max)— ^«/(rain) or«^ = «;(max)— — s/Cmin) (31) 

At the neutraJ axis of a beam, the shearing stresses are 
principal stresses, and their values are-j-Sg and — s. from equa- 
tion (30), St being 0. 

These values in equation (31) give 

5w = Ss+ - 5b or 5b = -^^^w (32) 

that is, theoretically, the working stress in shear should be j 
of that in tension, when m=^4 or Poisson's ratio is 1/4; it is, 
however, always taken less than this, and usually low enough 
so that the shearing stress may be taken as imiformly distributed 
over a cross section (75) . 

79. Stresses in Qirders. AH of the preceding general 
discussion of solid beams applies, of course, \o girders. In Fig. 
66 are shown the forces acting upon a part of a girder to the left 
of the section mn. The sJiearing stress S=R; this is assumed 
to be uniformly distributed over the area of the cross section 
of the web only (75;. Therefore, 

A^ = ^^^^-=ht (33) 

This equation determines the area of the web; its depth, h, is 
determined by considerations of economy; its thickness, f, is 
never made less than 14", and for railway bridges seldom less 
than %''. 

Since there are compressive stresses in the web (77), it is 
usually stiffened, because its ratio of depth to thickness is much 
greater than for I beams. The unknown influence of the tensile 
stresses acting at right angles to the compressive stresses, makes 
a calculation of the buckling stresses impossible. 

The bending stress in a girder may be calculated by means 
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of equation (12), which must be solved by trial, as there are 
no tables of section moduli as there are for I beams. In order 
to avoid the labor of calculating the moment of inertia of each 
section which may be tried, the calculation is much simplified 
by making two assumptioiis. 

1. The stresses in the flanges (tension and compression) 
are uniformly distributed over their areas and their resultants, 
therefore, act at the centers of gravity of the flanges. 

2. That the depth of the web, A, may be set equal to d, the 
distance between centers of gravity of the flanges. 
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Fig. 88. 



Fig. 88 (a) shows the actual distribution of the intensity of 
bending stress over the cross section, while Fig. 88 (b) shows the 
effect of the assumptions, with the diagrams for the intensities 
of stress in flanges and web superimposed. Fig. 88 (a) corre- 
sponds with the formula M=^8-\ so does Fig. 88 (6) so far as 

the web is concerned, except that the second assumption changes 
its depth a little. The depth of the web is sometimes equal to 
that of the cross section; it is sometimes less and sometimes 
greater than d. The diagram for each flange is a rectangle, 
which results from the first assumption, and which is the same 
thing as neglecting the moment of inertia of the flange about its 
own axis, in comparison with that about the neutral axis of the 
whole cross section; equation (16) becomes /x = ilcP = 

2Af {\dyy and from equation (10), M^=8 — v: = «i44- 

That this is true may be easily seen by reference to Fig. 88 (&) ; 
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sAj is the stress in each flange, and d is the lever arm of a couple, 
whose moment is the moment of resistance of the flanges. 

The moment of resistance of the web =8 — = «At- = 

V in 

^ 8 1 h^ ^= i 8 A^ h= ^ 8 A^ d by the second assumption. 
The total moment of resistance is 

M^=s{At+iA^)d = M (34) 

which shows that one-sixth of the area of the web may be treated 
like flange area, that is, the couple formed by the stresses in the 
web may be replaced by an equivalent couple {lsAy,d) whoso 
forces (i5-.lw) act in the centers of gravity of the flanges, so 
that there results a stress diagram as shown in Pig. 88 (c). Now 
it is plain that the 

Equivalent flange stress = -7 (35) 

•r. ' 1 J. n rqufv. flftTige stress ,nn v 

Equivalent flange area '■== — •- - (36) 

Flange area proper (net one flange) = 

equiv. flange area — J^ Aw (37) 

Flange area proper (net one flange) = 

equiv. flange area — -J^ Aw (38) 

Equation (37) is used when there is no allowance to be made 
for rivet holes in the web; equation (38) makes an approximate 
allowance for a vertical line of rivet holes in the web; (these 
occur at stiflfeners) ; an exact allowance can be made by deduct- 
ing the moment of inertia of the areas cut out of the web by 
the rivet holes on the tension side from the total moment of 
inertia of the web. 

The moment of resistance of the web is sometimes neglected, 
in which case the equivalent flange stresses and areas become the 
actual ones, and the term in Aj, drops out of equations (37) 
and (38). 

Since d, the effective depth, can not be calculated until the 
flanges are known, an approximate value, or the depth of the 
web, may be used for the flrst trial. Two or three trials will 
usually give a flange that is exact. 

Equation (36) determines the net area of the tension flange, 
that is, the gross area less that cut out by the rivet holes. 

The top flange is usually made the same as the bottom 
flange (gross areas alike), but it must be held against sidewise 
buckling, if it is long. There are many points in the design of 
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girders whose discussion would be foreign to the purpose of this 
article. 

80. Beams Stressed Beyond the Elastic Limit. When the 
extreme fiber stress in a beam is greater than the elastic limit 
of the material, the theory of flexure is no longer applicable, 
and the equations based upon it are not applicable. The discrep- 
ancies between the theory of flexure and the facts in the case 
are negligible within the elastic limit, but not beyond it. The 
stresses do not increase uniformly from the neutral axis out- 
ward, even though the deformations may sensibly do so; Hooke's 
law does not hold. Hence experiments on the ultimate strength 
of beams can not confirm or disprove the theory of flexure. 

If the extreme fiber unit stress at rupture is calculated by 
equation (10), it will be found to be much greater than the 
ultimate strength in tension or compression, unless there is con- 
siderable difference in these, in which case it will lie between 
them; its value will depend upon the form of the cross section 
to a large extent. Timber being stronger in tension than in 
compression, fails on the compression side of a beam; the reverse 
is true with cast iron. For a rectangular cross section ^a in a 
cast iron beam will be nearly twice the ultimate strength in 
tension. 

The discrepancy between the ultimate strength in bending 
as determined by equation (10), and the ultimate strength in 
tension or compression, is explained as follows : 

1. The stresses do not increase outward from the neutral 
axis as rapidly as for stresses within the elastic limit. 

2. The neutral axis moves toward the stronger side as the 
stresses increase, since equilibrium requires the total tension to 
be equal to the total compression. 

3. The interaction of the fibers, preventing transverse, 
deformation as explained in the third assumption under the 
theory of flexure (68), has a much greater influence for stresses 
beyond the elastic limit than for stresses within it ; in both cases 
this influence is such as to increase the strength of the beam in 
bending. 

4. The influence of the shearing stresses is greater beyond 
the elastic limit than within it. 

5. The usual ultimate strength in tension is not the real 
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strength, on account of the contraction of area. In a beam there 
is very little contraction on the tension side, or expansion on 
the compression side. 

The adequacy of this explanation is disputed by some 
authorities, because certain experi nents have shown that the 
neutral axis moves very little in a cast iron beam, and that the 
ultimate strength in bending does not differ greatly from that 
in tension, for stone and concrete, provided the latter is de- 
termined accurately, which is a difficult matter to do.^ 

Equations applicable beyond the elastic limit have been 
developed, but for the sake of simplicity, the form of equation 
(10) is used to compare the ultimate strengths of beams. Thus, 
if a beam having a certain length and cross section is loaded 
until rupture occurs in the extreme fiber, the moment may be 
calculated from the breaking load and length, and v and / are 

known ; from these may be calculated Sn= j . .Su is an exper- 
imental constant, for a certain kind of material, and may be 
used to calculate the breaking load for other beams of the same 
material, having different lengths and cross sections. If the 
foniLs of the cross sections are different, the results may be 
largely in error, particularly for cast iron, s^ is called the 
modulus of rupture in cross-breaking. 

Steel and iron really have no modulus of rupture in cross- 
breaking, because they do not rupture like stone, wood, and 
cast iron, but bend indefinitely; for them the elastic limit is 
the proper limit of strength. 

^ee Foppl*s TechnUche Mechanik, Vol. in § 22a. 
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1. What constitutes the web and what the flanges of a 
plate girder? Are there corresponding parts in a truss? 

2. Illustrate five cases of beams supported in different 
ways. May one span of a continuous beam be considered as 
fixed at its ends? 

3. Why are stresses in beams investigated on sections per- 
pendicular to their axis? What kinds of stresses are found on 
these sections, in general? 

4. Are the three equations of equilibrium applicable in 
beams having only vertical loads? 

5. What, according to the theory of flexure, is the relation 
between the unit elongations of fibers in a beam at distances 
of 2 inches and 12 inches from the neutral axis? What is the 
relation between the unit stresses in these fibers? What law is 
involved? 

6. Upon what does the variation of the total stress on a 
cross section of a beam depend? 

7. State the facts contrary to the first assumption in the 
theory of flexure. To the second. To the third. 

8. To what is the moment of resistance of a rectangular 
cross section equal? Derive this from the general formula. 

9. What is the difi'erence between the moment of inertia 
and the statical moment of the area of a cross section? How 
should a given area be disposed with respect to the neutral 
axis in order that either may be as large as possible? 

10. What is the greatest stress in a timber floor joist, 
3"xl2", if the maximum moment is 12000 ft. lbs.? 

11. What are the unit stresses in the extreme upper and 
lower fibers of a beam composed of two angles 6"x4"xJ", the 
longer legs being vertical, and the maximum moment being 
138800 in. lbs.? Ans. 7930 and 16000 lbs. per sq. in. 

12. Upon what does the section modulus depend? 

13. What are the section moduli in problem 11? 

14. Do the section moduli given in the Cambria handbook 

equal — for I beams and channels? 

15. What is the section modulus of a 10"x30.0 lb. I beam 
for an axis through its center of gravity parallel to the sides 
of the web? 

16. If 16000 lbs. per sq. in. is the working stress, what 



124 QUESTIONS AND PROBLEMS. CHAPTER VI. 

size of I beam should be used as a floor joist, in which the 
maximum moment is 93300 ft. lbs. Ans. 18"x55.0 lbs, 

17. Where is the neutral axis located in the sections of 
Fig. 70. 

18. Prove that the neutral axis in the beam of problem 1 1 
is located as given in "Cambria." 

19. Find the location of the neutral axis of a section 
composed of an 18"x60.0 lb. I beam, having a 12"x20.5 lb. 
channel riveted to its upper flange, through the web of the 
channel (flanges down). Make a complete sketch. 

Ans. 11.19 in. from lower edge. 

20. What is the moment of inertia of the section given in 
problem 19? Ans. 1221.5 in.^ 

21. What is the extreme fiber stress in the beam whose 
section is given in problem 19 if the maximum is moment 105000 
ft. lbs.? Ans. 11460 lbs. per sq. in. 

22. What is the moment of inertia of a triangular area of 
height h and base 6 about its base? 

23. In the fourth section of Fig. 70, what is the moment 
of inertia of one of the angles about the axis NN, through the 
center of gravity of the section? Of the four angles? Of the 
plate? Of the entire section? 

24. What is the moment of resistance of the web of a plate 
girder which is 48" deep and J" thick, when the extreme fiber 
stress is 10000 lbs. per sq. in.? 

25. What will be the maximum moment allowed in the 
beam of problem 23 if the working stress is 12000 lbs. per sq. in.? 
What in a beam whose cross section is shown in Fig. 73? 

26. In what cases is the neutral axis perpendicular to the 
plane of the bending moment? 

27. What is the axis of a beam? The neutral axis? The 
neutral plane? 

28. What is the location of the principal axes of a 6"x4"x 
J" angle? 

29. If in the problem illustrated in Fig. 80, a timber 
purlin 4" wide by 10" deep is substituted, what will be the 
extreme fiber stresses? 

30. What is the location of the neutral axis in problem 29? 

31. Find where the shear passes through zero in Fif^. 81 
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when the span is 36 ft., Pi =80, ^2 = 120, P3 = 60, ^4=40, 
P5=112, ai=5 ft., a2 = ll ft., 03 = 20 ft., 04-24 ft., and 
05 = 32 ft. Find the maximum moment. Where is the moment 
a minimum? 

32. Illustrate a case in which the shear is uniform over a 
part of a beam, along which the increase of the moment is 
uniform. 

33. Construct a shear diagram for problem 31, and find 
the area of that part to the left of the section of maximum 
moment. 

34. What is the unit iahearing stress at the neutral axis, in 
a vertical section of a timber beam 12"xl2", if the total shear at 
the section is 43200 lbs.? What is the unit horizontal shearing 
stress at the same point? 

35. At what points in a circular cross section is the shear- 
ing stress zero? At what points is it a maximum? In what 
direction does the shearing stress at the circumference act? 

36. At what points in a beam is the. bending stress a prin- 
cipal stress? Can a shearing/ stress be a principal stress in a 
beam? At what points are the resultants of shearing stresses 
principal stresses? 

37. When does the shearing stress in a beam become more 
important than the bending stress? 

38. What is the direction of lines of maximum and mini- 
mum shear at the neutral plane? 

39. What are the principal stresses in the web of an I 
beam at a point where the bending stress is 11000 lbs. per sq. 
in., and the shearing stress 2800 lbs. per sq. in.? 

40. In the above problem, what is the equivalent simple 
stress according to equation (31)? 

41. What is the function of the web in a plate girder? Of 
the flanges? 

42. Do the assumptions made in calculating stresses in 
plate girders give results too large or too small? What is the 
value of these assumptions? 

43. How is the effective depth of a girder determined? 

44. What is the effective depth of a girder having a 56"x 
5-16" web and 2 angles 6"x6"x|" in each flange, the extreme 
Uepth outside of flanges being 561"? What is the equivalent 
flange stress if the moment is 480000 ft. lbs.? What is the 
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required net area of the flange proper, if the working stress in 

tension is 10000 lbs. per sq. in.? 

Ans. 52.97 in. effective Jepth. 108800 lbs. equiv. flange 
stress. 7.96 or 8.69 sq. ins. flange area (net) . 

45. If in the above problem, the maximum shear is 48000 
lbs., what is the maximum shearing stress per square inch? 

46. If the modulus of rupture in cross-breaking of Georgia 
pine is 7000 lbs. per sq. in., what will be the bending moment 
in a beam at rupture, its cross section being 10" wide and 12" 
deep? 



CHAPTER VII. 

DEFLECTION OF BEAMS AND GIRDERS. 

81. Equation of the Elastic Line. The bending stresses 
in a beam shorten the fibers on one side, and lengthen them on 
the other side, of the neutral plane; the result is, the beam is 
bent, that is, it is dedected from its unstrained position ; its axis 
forms a curve, called the elastic line. 

Only ela&tic deflections are of importance, because working 
stresses are taken well within the elastic limits. It is sometimes 
important to know the elastic deflection of a beam or girder, 
although this is quite small in properly designed work. 

Since the bending stresses are determined according to the 
theory of flexure, the equation of the elastic line must be based 
on this theory. The origin of coordinates is usually taken at a 
support, y being the deflection at a distance x from it. The 
amount of the deflection evidently depends upon the length of 
the beam, the manner in which it is supported, and the load 
which it carries; these are taken account of by M, It also de- 
pends upon the elastic property of the material, and the amount 
and distribution of material in the beam ; these are taken account 
of by E and / respectively. The equation of the elastic line must 
therefore be a relation between y, x, M, E, and 7. It is evident 
too that y, the deflection, increases when M increases, and de- 
creases when E and I increase. 

A general equation of the elastic 
line is easily derived. Fig. 89 repre- 
sents a piece of a beam in which the 
bending caused the sections AB and 
CD, a distance dx apart, to make an 
angle (2^ with each other. A fiber at 
a distance v from the neutral plane 
NN, originally dx long, is increased 
in length an amount i;d^,and the unit 
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deforrnation is — r-^ , which according to equations (2) and (12) 
gives 

"ax'" jb: "^ m ^^ 

This reduces to 

d4^=dx-^j (6) 

In order to get ^in terras of x and y, the radius of curvature 

p, of the elastic line is introduced; this is the distance from the 

neutral plane to the intersection of AB and CD produced. Since 

dx 
od<t> = dx, d</> = — and equation (6) becomes 

P 

I M T^jr El .X 

From the calculus ^ 



X 



[^ + im 



Since the deflections are very small, -^, the tangent of tlu* 

angle which the elastic line makes with the axis of x, is a very 
small quantity, and its square is negligible. 
Equation (c) becomes 

El^ = -M (39) 

The minus sign is gotten by adopting the following conven - 
tions with regard to the moment and the deflection. It is usual 
to call a moment positive when it bends the beam so that it will 
be concave on its upper side, as is the case in a beam supported 
at its ends. The deflection is always downward and is usually 
called positive, that is, y is positive downward. Now, in a beam 

supported at its ends, ^ will be plus at the origin (the left 

support), will decrease to zero and then become minus, that is, 

it decreases over the whole length of the bearii, and ~ must 

therefore be negative. M is positive over the whole length of th3 
beam; therefore the two sides of equation {Z^) have opposite 
signs. This will be found to be true in any case, including 
beams in which the moment changes from positive to negative, 
or vice versa. 

Equation (39) is called the differential equation of the elastic 

*»See Edwards' Differential Calculus, page 137. 
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line. Expressing M in terms of x and integrating twice, an equa- 
tion giving y in terms of x — ^the equation of the eslatic line — ia 

gotten. The first integration gives -^, the slope of the elastic line. 

dx 

A differential equation must be written for each segment 
of a beam into which the loads divide it, because the expression 
for M is different in each segment. Thus in a beam supported 
at its ends and carrying a single load, the terms in x, of the 
values of Jf, for the two segments are different; the curve of the 
elastic line is continuous past the load, but two equations are 
required to express it. When there are a number of loads on a 
beam, the evaluation of the constants of integration becomes 
burdensome. 

The constants of integration are evaluated by means of the 

limiting conditions. At the supports 1/ = ; at fixed ends ^ =0; 
at the juncture of two segments, y and :-- from one equation are 

equal to y and ^ from the other efiuation. 

The deflection at any point due to several loads is the 
resultant of those due to the loads considered separately. The 
equations of the elastic line for alLthe usual cases of simple 
loading accompany Figs. 94 to 105. The manner of their 
derivation is given below, for several cases. 

82. Deflection of a Cantilever Beam for a Load at its 
End. Fig. 94 shows a beam fixed at the left end and carrying 
a load P at the free end. The maximum moment is evidently 
at the support, and is equal to — PL (concave on lower side). 
Prom **the sum of the vertical components equals zero,'* R^ = P. 
Taking a section at a distance x from the support, the bending 
moment is --P{L—x), considering the part to the right of the 
section; The same result is, of course, obtained by considering 
the left-hand part; in this case i¥x= — PL-\-Px=^ — P{L^x). 

From equation (39) 

Since ^= when x = 0, C must also be zero. If the load 
were not at the end of the beam, the part to the right of the load 
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would not be bent. The above equation would give the slope of 
this part when the value of x at the load is substituted. When 
the deflection at the load is known, the deflection at the end can 
be readily determined. Integrating again 

When a; = 0, i/ = and therefore C^ = 0. 

The maximum deflection evidently occurs at the end when 
x = L. 

The slope at B= f = ^^(L^-iL^) =^ 

83. Deflection of a Beam Supported at its Ends and 
Uniformly Loaded. Fig. 101 shows a beam with a uniform load 
W. The bending moment at a distance x form the left support 
is Mj^ = y2Wx'-y2WX^. 

Since w= ~j- this becomes Mx=V2^l x — -j-j 

Prom equation (39) 

Since -^ = evidentlv, when x = V»L, 
dx ' 

= W(^ - i X ii*)+ C an.l 0=^WIP 
2EIy == n(-j|*^- -\^ + iV^a)+ (C, = 0) 

The deflection is evidently a maximum when x = i/^L. 

If the load on a 10"x25.0 lb. I beam having a span of 20 ft. 
is 13000 lbs., uniformly distributed, the deflection at the middlo 
will be 

_ 6X 1300 X 240X 240X 240 _ a fic :„ 
ym.x— 384X29000000X122.1 — " ^^ i^' 

With the same total load on a span of 10 ft., the deflection 
of this beam would be only one-eighth as much, since the deflec- 
tion varies as the cube of the length. 
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^ 84. Deflection of a Beam Supported at Its Ends and 
Carrying a Single Load at Any Point. Fig. 96 shows a beam 
carrying a load P at distances l^ and I2 from the supports. 

For the segment AC 
Equation (39) becomes 

EIy = ^i^7^ + Cx+{C, = 0) (6) 

When a; = 0, 1/ = 0, and therefore C^ = 0. In order to 

evaluate C, it is necessary to find y and -~ for the segment CB ; 

this may be done by taking A as the origin, but if B is taken as 
the origin, the equations will be exactly similar to those above. 
Imagining the beam turned end for end, 



^^^ -^4- 




^^S=-i^x'^'' + ^ 


(0 


Elyi |/> ^ x», + Cxi + (Ci' — 0) 


(d) 



C and C may be evaluated by means of the conditions at 
the load where, when x = l^ and x^ = l^^y=z y^ and zr-= r- 

The deflection is positive in both cases, but since x and x, hav? 
been taken positive in opposite directions, the sloj)es from equa- 
tions (a) and (c) will be the same if they are given opposite 
signs. From (a) and (c) 

^P_|.y _ C=-iP-^y + Cf (e) 

Prom (6) and (d) 

- iP-rj h' + ai = - IP-!}^ l^ + Ck ■ (0 

Multiplying (e) by ij and subtracting (/) from it 

This value of C in equation (6) gives 
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y at C = 
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but i/max occurs in the longer segment 



where ^-=-0. Prom equation (a) i/gP -|- aj^ == P || (k+2l^), 

and 

X = i/iT'? h JiVs) where y is a maximum. 
Fig. 95 shows a special case of the above (1^ = 1^^)^ but the 
equation of the elastic line may easily be deduced independently. 
The elastic line is evidently horizontal at the middle of the beam. 

85. Deflection of a Beam Carrying a Nucniier of Loads^. 

It is evident from the preceding case that the evaluation of 
the constants of integration in the equation of the elastic line 
would become increasingly burdensome as the number of loads 
increased. Equation (39) must be written for each segment. 
Finding the location of the section at which the maximum 
deflection occurs might be practically impossible by this method, 
but the deflection at a particular section may be obtained by 
taking the sum of those calculated for each load separately. 

The deduction of the equation of the elastic line for simple 
cases of combined loading does not become very involved, par- 
ticularly if the loading is symmetrical about the middle of a 
beam, whose end conditions are alike. Thus the cases of Arts. So 
and 84 might be combined, or a uniform load might be combined 
with that given in Art. 81. 




Fig. 90. 

Pig. 90 shows a cantilever beam carrying four loads. The 
deflection at the end consists of four parts ; y is due to the uni- 



'For a complote general discussion of this subject, witli numerical 
examples, see Mueller-Breslau's Oraphische Staiikj Vol. n, Part 2. 
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form load (Fig. 100), y, to P, (Fig. 94), y^ to P,, and y^ to P,. 
The deflection at C due to P, is a case similar to that of P^ at the 
end; the effect of P^ at the end is found from the slope of the 
elastic line at C (82). In a similar way, the effect of P, is found. 
The total deflection at the end is i/+t/i +1/2+2/3. By adding the 
ordinates of the four curves, at any section, the ordinate of the 
clastic line is obtained. 

The deflection at a 
particular section may 
be gotten by a single in- 
tegration. If in Pig. 89 
tangents be drawn to 
the elastic line, NN, at 
the two sections, the an- 
gle between them will 
jTjg, 91, be d<l>, because they arc 

perpendicular to AB and CD. This is illustrated in Pig. 91 fot 

a particular case. xd4> = y^ and y = 




"=/ 



xdtji Substituting the 



value of d<^ from equation (6), Art. 81 

JMxdx 



(40) 
When E and / are constant, they may be placed outside of 

the integral sign. 1 Mdx is evidently the area of the moment 

diagram, und j ^dx x is the statical moment of this area about 

an axis passing vertically through the origin. 

The advantage of equation (40) lies in its applicability to 
beams carrying more than one load, for the statical moment of 
the area of any part of the moment diagram is easily gotten. It 
should be noted that equation (40), in the case of Pig. 91, really 
gives the deflection of the support from the tangent. 

The application of equation (40) to the case shown in 
Pig. 91.i3 as follows: From Art. 83 M == Y^^V tx -- -^\ Band 
I are constant. 



y 



=h I ^^'^•^=2?7 / (f-i) 



dx 



=i£(*x*^'-^x^'^^') 



bWTJ 
384 B/ 
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which is the same as was deduced from the elastic line equation, 
Art. 83. 

86. Deflection of a Beam or Qirder Having a Variable 
Cross Section.^ When the cross. section of a beam varies con- 
tinuously, / may be expressed in terms of x in equation (39). 
The djuation of the elastic line may then be deduced as in the 
cases above, if the integrations are possible. 

In a girder with flange plates, the cross section changes 
abruptly at the ends of these plates. The sections of abrupt 
change are similar to sections at which concentrated loads are 
applied. Dealing with the case shown in Fig. 90 in a somewhat 
different way from that used in Art. 85, the elastic line for the 
part AB is gotten at once by treating this part as a beam carry- 
ing a uniform load of length AB, and a concentrated load at its 
end B, equal to the sum of all the other loads. The slope at B 
being calculated, the deflection at D, due to the bending of AB, 
may be obtained. The parts BC and CD would be treated in a 
similar manner. If there were an abrupt change of section at E, 
the segment BC would be divided into two parts, because / 
changes at E and is a factor in the deflection formula. The slope 
and deflection at E would be found from the general formulas 

for -~ and y, for a beam of length BC, carrying a uniform load 

and a load at its end C. See Figs. 94 and 100. 

A similar procedure applies to a beam supported at its ends, 
if the direction of the tangent to the elastic line at some point 
is known ; any paii; of the beam may be considered like a canti- 
lever beam, the reaction and loads acting in opposite directions. 

To find the maximum deflectionoi a beam supported at its 
ends, the graphic method is the simplest and safest except in 
special cases. In this method the moment diagram is divided 
into a number of strips, at whose centera of gravity imaginary 
forces, proportional to the areas of the strips, are supposed to 
act on the beam. Drawing a string polygon (37) for these loads, 
the ordinates will represent deflections if the pole distance is 
taken equal to EI, as is shown by the following comparison 
between the elastic line and the moment (3/')- 

-^= slope. ^=S. 

dPy M cPAT 



da^~£ir dx^ 



r= W. 



'See Trans. Am. Soc. C. E., Vol. 51, page 1. 
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M 

If -gT- is tal^en as the unit load {w) at any point of a beam, 

then y will be the moment {M') at that point. Graphically, y 
will be the ordinate in the string polygon, for this imaginary 
load, if the pole distance is unity; if the pole distance is made 
equal to EI, then the ordinate of the string polygon will corres- 
pond to a unit load equal to M. It follows that if a string poly- 
gon he drawn for a distributed load represented by the moment 
diagram, this polygon will represent the elastic line, if the pole 
distance is equal to EI, 

In a girder with flange plates there will be several values of 
EI, and hence the string polygon must be constructed with 
different pole distances^. 

87. Deflection of a Beam Due to Shear. In the preced- 
ing discussion of the deflection of beams, only the bending 
stresses were taken into account ; it will now be shown that the 
influence of the shear is negligible except in very short beams, 
and in plate girders, in certain cases. 




Weif Phk3€i''^f»f9.S0 



2t2 e''^'*f m9.so 

A*3Z.SO*' 



Fig. 92. 



Fig. 92 shows the cross section of a girder of 24 ft. span, 
carrying a load of IQOOO lbs. at its middle. Each reaction is 
20000 lbs. The shear in the girder, between the support and th'? 
load, is constant, and is equal to 20000 lbs. Upon the usual 
assumption, this shear is resisted by a shearing stress in the web 
only, which is uniformly distributed over its cross section. The 



unit stress is therefore «« = 



20000 
13.5 



= 1480 lbs. per sq. in. By 



equation (3), the deflection per inch of length of girder is 

- inches; the deflection in 12 ft. (144 in.) 



_ 1«0 _ 

E. —' 

isy.= '^ 



1480 



12000000 



12000000 

144 = 0.0178 inches. 



*See Mneller-BresIaa'B Qraphisch^ Statik Vol. 11, Part 2. 
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The deflection due to bending may be calculated from the 

value of t/max in Art. 82, when L = 12 ft. 1/^= ^^j = 

20000XH4» _nnqil • h 
3X300000U0X7061.7 —^'^^^ mcaes. 

la calculating 1, no allowance is made for rivet holes; this 
will give a rtisult nearer the truth than for a section through 
rivet holes. 

The deflection due to shear is about 19% of that due to 
bending; this is, however, in the nature of an estimate, on ac- 
count of the assumption upon which it is based. 

In beams having rectangular and circular cross sections, 
the deflection due to shear is less than in beams having I-shaped 
cross sections. This deflection is calculated in a different man- 
ner, because the shearing stresses are not uniformly distributed 
over the cross section (75). In, the above case of uniform distri- 
bution of the shearing stresses vertically, the deflection in a 

length dx ia dy= ^dx,' but in general it is dy = k~ dx, in 

which A; is a factor depending upon the form of cross section, 
and is greater than unity, that is, the deflection is greater than 
upon the assumption of uniform distribution of stress over the 
entire area of the cross section. For rectangular cross sections 
k = 1.2, and for circular cross sections k = 1.185^ ; for / beams- 
assuming the stress distributed over the entire cross section in 
accordance with equation (22)— A; = about 2.4 for a 3 inch I 
beam and about 2.0 for a 20 inch / beam. 

For a timber beam of width b and depth h, having a span of 

L ft. and a load P at the middle, 

jPiiD^ PU _JPP 

'^^~ ZEi ~4SEX^0h^~iE6~h^ 

In the above E^ has been put equal to ^ ff (78) . The last 
equation shows the following relations : 

A=10; 5; 2; 8; 16 

y. 3 12 . 75 . 4.7 . 1.17 

■^"loo"^ 100 ' 100 ' 100 ' 100 " 



J3ee Bach's ElasHcUaet und Festigkeit Chap. IX, ^ 52. 
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For a ratio of span to depth of 10, the deflection due to 
shear is but 3% of that due to bending; when this ratio is 5 the 
percentage is 12, and as the ratio decreases, the deflection due to 
shear becomes more important than that due to bending. In very 
short beams it is more rational, therefore, to neglect the bending 
stress than the shearing stress ; this is also indicated by the fact 
that the assumption, that plane cross sections remain plane after 
bending, can not be true. The shearing stresses at the upper 
and lower edges of the cross section are zero and therefore Sb is 
zero— the cross section remains perpendicular to the axis of the 
beam ; toward the neutral axis the deformation increases so that 
the cross section becomes curved. 

In beams with circular cross sections — pins of pin-connected 
trusses, for example— the influence of the shear is somewhat 
greater than in those with rectangular cross sections. 

The above considerations show the limits within which the 
formulas of Arts. 81 to 86 and Art. 90 are applicable. 

88, Resilience of Beams. As explained in Art. 19, resil- 
ience is equal to the work of deformation, and elastic resilience 
is equal to the potential energy stored in a beam. 

If the deformation due to shear is neglected, only the bend- 
ing stress, that is, tension and compression, need be considered 
Eciuation (4) is applied to an element of volume, and the total 
work of deforming the beam is then obtained by integration over 
the cross section and length of the beam. 

Work per unit of volume = ^ --^ = ^ ^^ by substitu- 
tion from equation (12). 

Work per element of volume = ^ ^' ^ dxdA. 



L 



l^'-f: 




Since / ^ dA = I this becomes 



Elastic resilience of a beam = -^-^ I ^ dx (41) 

Jo ^ 
In deducing the above equation it should be remembered 
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that M and I may vary along the length of the beam, that is, 
with X, and v varies in the cross section. 

The same result may be gotten by considering the stress sdA 
on an elementary fiber and the distance vd<i> through which it 
acts (Fig. 89). The force increases from zero directly as the 
deformation increases (within the elastic limit), so that the 
mean force is y^^^A, Substituting the values s and rf<^ from 
equations (12) and (6) Art. 81, and integrating as before, equa- 
tion (41) results. 

An expression for the work done by the shear will be quit** 
similar to equation (4). 

Equation (41) is an expression representing the potential 
energy stored in a beam, and this must be equal to the externa' 
work done by the load deforming the beam, if the elastic limit 
is not exceeded. Thus, in a cantilever beam with a load P at 
the end, 

Work = i P2/^„ = ^ / ^i'dx^^j I (^I^xyd^ 

I being constant. (See Fig. 94). 
Upon integration there results 

t^mnx — 2X3EI ^ y'^~ BEI 
which is the same as was found in Art. 82. The deflection at a 
single load may be thus conveniently gotten. In the case of Art. 
84, the integration would have to be between the limits a; = 
and Zi, and aji = and L, the total work being the sum of that 
performed upon the two parts of the beam. 

If the deflection at each load is known, the resilience may, 
of course, be calculated from the external work performed. Thus, 
in a beam supported at its ends and carrying a load at its middle, 

the elastic resilience will be equal to y2P ~^j^t (See Fig. 95 for 
the deflection). This may be put in terms of the maximum 

moment or the maximum fiber stress, itfmax === V4PL = — ; 
therefore P=i^ and P==^ 

Resilience = ig^^iTg/ = e^j? 

For a particular form of cross section, a rectangular one 
for example, this will become 
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Resilience = ^|^ L^^^hhL= ,\- ^ V. 

It is to be noted that this equation shows, that for the same 
form of eros^ section, the resilience of a beam does not depencJ 
upon the size or dimensions of the cross section, or the length of 
the beam, but only upon its volume. 

Since the resilience is a measure of the shock-resisting qual- 
ities of a beam, the (luestion arises. What is the resilience of a 
beam for a load not gradually applied ? This case is similar, of 
course, to that explained in Art. 19. If it were possible to apply 
a load instantaneously, its velocity being zero when it begins to 
act on the beam, the total work done would be P^y. If a gradu- 
ally applied load produces the same deflection, the total work 
done must be the same, so that 

An instantaneously applied load will, therefore, produce 
twice the deflection, and conse(juently twice the stress, that the 
same load gradually applied produces. 

When a load is gradually applied, no sensible part of the 
work done is spent in giving a velocity to the beam, but all tho 
energy becomes potential— the beam is capable of doing work 
when it springs back. When the same load is applied instan- 
taneously, only half of the energy will have been converted into 
potential energy, when the deflection is equal to the static de- 
flection ; the other half will have given an increasing velocity to 
the beam and the load, and is converted into potential energ;.' 
during the last half of the deflection, when the velocity decreases. 
The beam cannot remain in this extreme position because the 
deflection is twice that for the load at rest ; the potential energj*^ 
is converted into kinetic energy again, the velocity increasing to 
the point of the static deflection, and then decreasing to zero 
deflection, after which, it deflects again, that is, it vibrates past 
the point of static deflection. 

Experience teaches that these vibrations diminish in ampli- 
tude and finally cease. This is due to various frictional resis- 
tances. 

As explained in Art. 5, twice the static deflection never 
resultjs from suddenly applied loads, but it may be much larger 
even, if the load falls from a height h. In this case the applica- 
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tion of the load is not only instantaneons, but an initi^ energy 
equal to Ph must be accounted for. The work done is equal to 
Pi^-^-Vi) hut it is not all spent in deforming the beam; a large 
percentage of the energy may be spent in deforming the falling 
body and the beam's supports, and if the elastic limit is exceeded 
some of the energy is transformed into heat. To determine the 
effect upon the beam from the load, and height of fall, is a 
problem of great difficulty, but if the maximum deflection is 
measured, the stress may be calculated from the static load, 
which will produce the same deflection. 

It is apparent now that the proper way to determine the 
resilience of a beam is by means of a static load. The usual 
impact tests which are made upon railway rails serve, at best, 
only as a comparison of the shock-resisting qualities of the rails 
tested under the same conditions". 

It is of practical importance to note that while a defect 
(a flaw, a crack, or a hole) reduces the static strength of a beam, 
it reduces its resilience in a much greater degree, so that the 
factor of safety is much less for moving load than for static load. 
An abrupt change of section has the effect of concentrating the 
work done upon the beam, at the weak section. 

89. Points of Contrary Flexure. A beam simply sup- 
ported at the ends, and carrying loads, will be concave on its 
upper side. If by some means opposite moments are applied at 
the ends, the slope of the beam, near the supports, will be 
decreased, and the curvature reversed; near the supports, the 
beam will be convex on its upper side. The points in the axis of 
the beam where the curvature reverses (where the curvature is 
zero, and the radius of curvature infinite) are points of inflection, 
and are called points of contrary flexure or points of contra- 
flexure. 

Points of contra-flexure occur in beams with fixed ends, and 
in beams continuous over supports as shown in Fi^s. 98, 99. 
102, .103, 107, 108, 109, HI, and 112. 

The curvature at these points being zero, it follows that the 
moment is zero, and their location is found by finding the value 
of X, for which the moment is zero. 

'See Johnson's Materials of Construction for a fnll explanation of 
resilience. 
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It is sometimes con- 
venient to imagine a beam 
having points of contra- 
flexure, to be made up of 
beams simply supported at 
^ their ends and cantilever 
I beams. There being no 
moment at the points of 
contra-flexure, the cutting 
FiQ. 93.- of the beam at these points 

does not affect the stresses, provided the loads or reactions at 
these points are taken equal to the shear at these points. This is 
illustrated in Fig. 93 for the case of a beam fixed at both ends. 
This resolves the case of Fig. t)!) into those of Figs. 96 and 94. 
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1. Why 16 the curve formed by the axis of a beam called 
the elastic line? 

2. Will a steel beam deSect more or less than a cast iron 
beam of exactly the same size, if they are loaded in the same 
way? 

3. Name the five assumptions upon which the equation of 
'the elastic line is based. 

4. What are the diflSculties attending the derivation of 
the equation of the elastic line in certain particular cases? 

5. Derive the equation of the elastic line of a cantilever 
beam carrying a uniformly distributed load. What is the end 
deflection in this case? WTiat is the end deflection if there is 
also a load at the end? 

6. What is the end deflection of a cantilever beam for a 
load Pi at its end and a load P2 at its middle? 

7. How do the deflections of ordinary beams and cantilever 
beams vary with respect to their lengths? 

8. Show how to get i/max for the case of Art. 83 from the 
formula derived in problem 5. 

9. If a beam supported at its ends is uniformly loaded, 
how much must it be raised at the middle in order that each half 
shall be in the condition of a beam fixed at one end and sup- 
ported at the other? How many points of contra-flexure will 
there be in it? 

10. How is the location of the point of maximum deflection 
of a beam found? Why may this be a difficult problem? What 
is the best method of solving it in complicated cases? 

11. What deflection does equation (40) give? How would 
this equation be used in finding the maximum deflection when 
the point at which it occurs is not known? 

12. Find the maximum deflection for the case of Art. 82, 
by means of equation (40). 

13. What is the maximum deflection of a girder supported 

at its ends and uniformly loaded, if the cross section varies in 

M . MU^ 

such a manner that ^77 is constant? Ans. ?/max=icL2=-- — . 

til * otdl 

14. Why is the representation of the elastic line analagous 
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to a moment diagram? What corresponds to the load in the 
former case? 

15. In what case is the deflection due to shear not 
negUgible? 

16. What percentage of the total deflection is due to shear 
in a timber beam 12"xl2", having a span of 16 ft. and carrying 
a load P at the middle? E^=-IE. Ans. 1.16%. 

17. What is the total elastic resilience of the girder, shown 
in Fig. 91 if £?= 29000000, and the elastic limit of the material 
is 32000 lbs.? Are there any factors affecting the result pre- 
judicially? Ans. 36400 in. lbs. 

18. What is the most economical way of increasing the 
moment of resistance of a beam? The resilience? 

19. For the same live load, which has the greater resilience, 
a short beam or a long beam, if thd maximum stress is the same 
in both? 

20. W^hy does a bridge vibrate? 

21. Analyze the beam shown in Fig. 103 in the manner 
shown in Fig. 93, and compare the maximum moments in the 
two cases. 



CHAPTER Vlli. 

SPECIAL CASES OF BEAMS AND GIRDERS LOADED AND 

SUPPORTED IN DIFFERENT WAYS. 

90. Explanation of Table. Figs. 94 to 113 illustrate all 
of the cases of simple loading that an engineer will encounter 
in ordinary practice. Accompanying these are equations giving 
general and maximum values of the shears, the moments, and 
the deflections, and diagrams showing how these vary. 

The beam is shown as a single heavy line in its bent condi- 
tion, thus forming a diagram of deflections. The deflections are 
determined from the equation of the clastic line, the effect of the 
shear being neglected (87). The origin of coordinates is usually 
taken at a support, and in such a manner as to make the equa- 
tion of the elastic line as simple as possible. 

The moments and shears are determined by the application 
of the equations of equilibrium by the method of sections, the 
section being taken where the stresses are wanted. The loads all 
being vertical, there are no horizontal components except foi 
stresses (70). Prom **the sum of the vertical components 
equals zero," 

Shear at a section = shearing stress at the section. 

Shear = 2 external forces on one side of section. 
Prom '*the sum of the moments equals zero," 

Bending moment at a section = moment of resistance. 

Bending moment = 2 moments of the external forces, on 
one side of the section, about a point in the section. 

These formulas apply, of course, to any kind of a simple 
beam or girder in which E and I arc constant, and when these 
quantities are not involved, to other beams, some applying to 
trusses at certain sections. 

It is well in applying the formulas to use inches and pounds 
in calculating deflections, because these correspond with the 
values of E usually given. 
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It should be remembered that the condition of perfect fixity 
at the ends of beams is seldom found in practice, except In 
beams continuous over a support as in a double cantilever. 

In certain constructions, the greatest deflection, and not 
the maximum fiber stress will govern. 

Some cases not shown in the table may be gotten by simply 
turning the figure upside down, making loads of reactions and 
reactions of loads. 

The student should, whenever possible, avoid using formu- 
las in numerical problems; the fundamental principles should 
be applied. 

91. Shear and Moment Diagrams. The shear and mo- 
ment diagrams, Figs. 94 to 112, are laid out from horizontal 
lines, the ordinates Dn opposite sides of these lines having oppo- 
site signs. It is usual to consider a shear acting upward on the 
part to the left of a section as positive, and such shears are laid 
out above the base line. For the same reason, bending momenta 
which tnake a beam concave on its upper surface (as in an ordi- 
nary beam) are positive, but are laid out below the base line. 

These diagrams are convenient in showing how the shear 
and moment vary along a beam, and may be construct^ by 
laying out ordinates calculated from the general equations given, 
or by the graphic methods of chapter V. They are particularly 
instructive in showing that where the shear passes through zero, 
the moment is a maximum (or minimum), and that the points 
of zero moment are points of contra-flexure (89). The area of 
the shear diagram to the left (or right) of a section, is equal to 
the ordinate of the moment diagram at the section (74). 

The shear and moment diagrams may usually be drawn 
after several ordinates have been laid out, because their char- 
acter is usually apparent upon inspection of the general equa- 
tions for S and M; the moment diagram for uniform load, for 
example, is always bounded by a parabola. 

92. Shears and Moments in Cantilever Beams. Fig. 94. 
If the origin is taken at the free end, Px = Mx and JIf max = PL 
evidently. If the origin is taken at the fixed end Mx = P{L'—x) 
or Mx = Ma "R^x = PL—Px = P(L'-x), the sign of M^ being 
evident. This shows that if there is a moment at a support, it 
must not be neglected, if that point is in that part of the struc- 
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ture which is under consideration. The same principle holds at 
any section of a beam (74), so that if the shear and moment at 
any section are known, the shear and moment at any other sec- 
tion may be found. See Figs. 110 and 113. 

If a timber beam acts as a cantilever 20 ft. long with a load 
of 3000 lbs. at its end, 

1/^^ = 3000X20 = 60000 ft. lbs. = 720000 in. lbs., neglect- 
ing the beam's own weight for the sake of simplicity. 
From equation (12), if the working stress is 1500 lbs. per sq. in., 

720000 _ 4 80 _ _/ _ AW _ jL, , J 

If h is assumed as 16 in., 6 = j^wT^ = 11.25 in. 

A commercial size would be 12''xl6", making the extreme 
fiber stress 

Mvi 720000X8 lAnK iKc ^^^ ^^ ;« 

'= -r = AX12X16X16X16 = ^^^ ^^«- P^^ '^- '"• 

The shear is 3000 lbs. at each section. The mean unit shear is 

tk^ttq =15.6 lbs. per sq. in. The maximum shearing stress 

(at the neutral axis) is 15.6X1^^ = 23.4 lbs. per sq. in. (75), 
which is much smaller than what is usually allowed. (Cambria 
p. 361). 

Fig. 100. The origin is taken at A ; the same results can, of 
course, be gotten if it is taken at B. 

In this case the shear diagram is a straight line since 
8 = U^—wx is the equation of a right line. The equation for M 
is that of a parabola. 

M = w {L-x)XV2iJ^-^) =^y2w{L-xY, 

It will be noted that the maximum deflection is much less 
than in the above case, for the same total load. 

Fig. 104. The equations for a triangular load are easily 
derived, if it is remembered that its center of gravity is at \L 
from B, 

93. Shears and Moments for a Beam Supported at 
Both Ends. Fig. 96. The reactions are gotten by the law of 
the lever, and the shears are equal to them. Afmax =Rilt=R^2 
at the load, where S =0. yj^gj^ does not occur at the load but where 

Ji =0, which is evidently in the longer segment. 
dx 

Fig. 97. The reactions are apparent. The moment between 
the loads must be constant, because the shear is zero (74), or 
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because the external forces form a couple whose moment is Ply 
for any section between the loads (30). 

Fig. 101. This is perhaps the commonest case. The reac- 
tions are apparent. The shear at the middle = iJi— %ti;L = ^/^ 
wL—y2 wL = 0, and must vary uniformly between the ends and 
this point. The moment is, of course, a maximum at the middle 
and is 

B^XV^L-MiwLXV^L = M^ = Vswr- = VgWl (42) 

This value is the same as the general equation will give 
when X = i/^i. 

Equation (42) is important because it is used very fre- 
quently. YsWL is the middle ordinate of the parabola. 

If a girder 25 ft. long carries a total uniform load of 
4000 lbs. per lineal foot, 

w; = 4000 lbs. W = 4000X25 = 100000 lbs. L = 25 ft. 

Ki = R^ = fif^^ = 50000 lbs. 

Shear at middle = 50000— 4000X12V^ = 0. 

Mmax = VsWL = y8Xl00000X25 = 312500 ft. lbs. 

Moment at 5 ft. from one end = 50000X5~5X4000X2y2= 
200000 ft. lbs. 

Comparing the moment produced by a uniform load with 
that produced by a concentrated load at the middle, it is found 
that a beam will carry twice as much load when it is uniformly 
distributed as when it is concentrated half way between the 
supports. 

Fig. 106. Under the uniform load, the moment diagram is 
parabolic. If the load were concentrated at the middle of CD, 
the diagram would be FGH; if at C and D, it would be FKNH. 

94. Combinations of Concentrated and Uniform Loads on 
Cantilever Beams and Beams Supported at the Ends. Since 
the weight of the beam itself is usually taken as a uniform load, 
the case of a beam carrying concentrated loads only does not 
occur. 

Finding the shears and moments in a cantilever beam for 
any combination of uniform and concentrated loads, applied on 
any part of the beam, is simply a matter of adding together the 
results gotten for each load considered separately, or applying 
the equations of equilibrium. This is also the case for combina- 
tions of loads on beams supported at both ends, but, in general, 
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the section at which the maximum moment occurs is not appar- 
ent from a consideration of the loads separately. The maximum 
shear is equal to the greater reaction, and after this has been 

determined, the section of 
^oao/to perH^ \ «| maximum moment is easily 

gotten, because it is located 
where the shear passes 
through zero. If, for ex- 
ample, the cases of Figs. 
101 and 96 are combined 
^^•114. ' ag shown in Fig. 114, the 

shear passes through zero at 14 ft. from A, and Mniax = 14000 X 
14—1000X14X7 = 98000 ft. lbs. 

In Fig. 115 the shear 
passes through zero at the 
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load and itf„ax = 9000Xl6'^'! 
-500X16X8 = 80000 ft. | 
lbs. * 

The same rule applies *^^- ^^^* 

when there are any number of loads on the beam, y^ith nothing 
b^it concentrated loads, the shear must evide^itly pass through 
zero ai a load, and therefore the moment is a maximum under 
some load. This is also evident if a moment diagram is drawn. 

95. Bending: Moments and Shears for Beams Havinsr 
Fixed Ends. In order that the end of a beam may be fixed, 
there nuLst be a moment at the support of such magnitude as to 
keep the elastic line horizontal at the support, as was explained 
in Art. 89, and acting as shown in Figs. 94, 98, 99, 100, 102, 103, 

and 104. This condition is imposed by making ?^ = at the 

dx 

fixed end. In Fig. 99, for example, 

3fx<li = -Ria; — Mi Mx>h = Rix — Mi — P{x — h) 

Putting these values into the differential equation of the 

elastic line, two values of -^ and two values of y will be gotten. 

The conditions to be fulfilled are, t/ = when x = 0; y =0 when 

x = l^+li', ^ = when x = 0\ ~^^{) vf\\Qn x — l^+l^) at C, 

y for one segment is equal to y for the other segment; and at C, 

^ for one segment is equal to ^ for the other. These six 
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conditions determine the fonr constants of integration^ R^, 
and Ml, 

Since it is necessary to use the equation of the elastic line 
to determine the reactions and end moments, they are statically 
indeterminate, that is, they depend upon the deformation of 
the beam. In the above case, knowing any two of the quantities 
Bi, B2, M^, and M2, the moment and shear at any section are 
statically determinate, that is, they are gotten by means of the 
equations of equilibrium. When l^ = ?2» ^1 = ^2 ^^^ ^1 = ^2 
by symmetry, that is, the equations for the two segments become 
identical. 

Knowing M^ and R^, the points of contra-flexure are located 
by putting the above values for the moments equal to zero and 
solving for x. Knowing the location of the points of contra- 
flexure, it may be convenient to treat the beam as made up of 
two cantilevers supporting a beam similar to that shown in 
Fig. 96 (89). 

96. Bending Moments and Shears for Continuous Beams. 

Fig. 108 shows a two-span continuous beam. If the middle sup- 
port be lowered, the beam will deflect and the load on the middle 
support will decrease, finally becoming zero when the deflection 

is equal to ogrgr ; t^® beam becomes discontinuous and now 

has a single span L = 2l (Fig. 101). 

If the middle support be raised, the load on the end sup- 
ports will decrease, finally becoming zero when the end deflec- 
tions are -^wiy ^^^ ^^® beam becomes a double cantilever 

(Fig. 100). 

These considerations show that the reactions, and therefore 
the shears and moments depend upon the deformation of the 
beam, that is, upon the elastic line, just as for beams having 
fixed ends, and are therefore statically indeterminate; beams 
with fixed ends may, in fact, be considered as special cases of 
continuous beams, as will now be shown from the simple case 
of Fig. 108. 

In this case, the elastic line must be horizontal at the middle 
support on account of symmetry. Imposing this condition by 
means of the equation of the elastic line, together with the con- 
dition of zero deflection at the supports, the reactions are deter- 
mined and the moments may be gotten as in ordinary beams. 
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In plaoe of using this method, which is quite similar to that 
outlined in the previous article, the equation of the elastic line 
will be used indirectly as suggested above. 

Since the beam is horizontal at the middle, each arm may be 
considered like a cantilever carrying a uniform load acting 
downward, and a load at the end acting upward, such that the 
end deflection will be zero. (Or the beam may be considered as 
one simply supported at the ends, with a uniform load and a 
concentrated load (R2) acting in opposite directions). 

The deflection at the end is 






for the uniform load (Fig. 100). 



-g^ for the reaction (Fig. 94). 
and these must be equal. 

Since, by symmetry, the end reactions are the same, the 
middle reaction B^=^2wl-—%wl = itvl. These results are the 
same as those given with Fig. 102, and the deduction of the other 
equations will be exactly the same in both cases. The deduction 
of some of the equations may be simpler if the origin is taken 
at A, Each arm is resolvable into a beam supported at its ends 
ot %l span, and a cantilever of length l^Z. The maximum mo- 
ment in the former is %X%ti;JX%^=-rlT^'% 'v^hich is the same 
as that obtained from the general equation when x = %l. In 
like manner, from the cantilever, the moment at the center sup- 
port ia-y^wlXVsl-%^lXV^l=- Vswl'. 

Fig. 98 shows a case similar to a continuous beam of two 
equal spans symmetrically loaded, and the equations are de- 
ducible in a manner similar to the above'. The cases of Figs. 99 
and 103 are the same as one span of a continuous beam of an 
indefinitely large number of equal spans, similarly loaded, and 
the equations may be checked by appljdng the general equation 
for continuous beams which will now be deduced (97). 

It should be noted in Fig. 108 that the shear on either side 
of B2 is not equal to the reaction, but the reaction is equal to the 
numerical sum of the shears. The moment is a maximum at three 
of the points where the shear passes through zero, one of these 
moments being negative and the other two positive. 

If the middle support were raised, the end reactions would 
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decrease uniformly, so that if it were raised half as much as 
necessary to make the reactions zero, that is, if it were raised a 

distance -rg^ the end reactions would be ^ wl; if it were lowered 
a distance ',w the center reaction would \e j^wL 

97. General Equations for Continuous Beams.^ It was 

shown in Art. 95 that the stresses in a span of a continuous beam 
become statically determinate when the moments at the supports 
are known; if, therefore, an equation can be deduced involving 
the moments at three successive supports, a continuous beam of n 
spans having M-f"l supports and w— 1 unknown m9ments at sup- 
ports (the mmnents at the end supports being zero), will furnish 
n — 1 equations from which to determine the n— 1 unknowns. 

Such an equation (for uniform loads) was published by 
Clapeyron in 1857 and, as in the special cases above, is based on 
the equation of the elastic line. The deduction of this equation 
for uniform load follows. 

Fig. 110 shows two successive spans of a continuous beam 
of an indefinite number of spans; M^, Mr, and M^ are the mo- 
ments at the supports ; /S., is the shear just to the right of q and 
Sb is the shear just to the left of s. The moments at the supports 
may be assumed positive. 
For span qr 

M^ = M^+8^x-Y2'^rX' (a^ 

Mr = M^+S^lr-^V2Wrl' (6) 

8^lr = Mr-M^+yzWrl^ (c) 

— EI^^ = M^+.%x-y2tVrX^ from (a) and (39) (d) 
-EI^=-. M.x+^^S^x'-iWrx'+C, (c) 

When X =- Z,, 2/ = and (/) becomes 
= iW/r 4- iS/, — ifWJi + Oil, and 

At r, from (g) and (e), when rr = Zr 

- EI^ = M,l + \8,P - \wM - iM,l - iS,r H- ^wj? 



^For a complete treatment of the contmnons beam with variable 
moment of inertia, see Howe's The Theori/ of the Continuous Oirder. 
For a graphical treatment of tlie cwntinnons beam see Eddy*s Jiesearehes 
in Oraphical Statica. 
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- £7-^ = i 1/,/, + iS,P- iv,/ (A) 
Multiplying (c) by^ i, and substituting in (A) 

- ^i ^ = i M,4 + tiia - iiMit + iw/ - ^wfi 

= i Af,i, + iM,l, + Vtw/, (t) 

For the span rs, by analogy, 

At the middle support {%) and (k) must be equal. 

MJ^ + 2iM,(4 + ^r.i ) -h iWA.i = - \{wA + w^r.i ^m ) (43) 

This etjuation expresses what is called the theorem of three 
moments for uniform load. In a similar manner, the theorem 
of three moments for concentrated loads is derived. Its deriva- 
tion is simplest when the locations of the loads are given as shown 
in Pig. 113, in which &r and fcr+i are fractions whose values may 
vary from to 1. The distances kl are sometimes measured 
toward the right in both spans, in which case, the form of the 
eijuation of three moments is different in one term. The equa- 
tion is (Pig. 113). 

MJr + 2M,{k + /r.i ) + ^'.^.1 = 
• - 2P.(fcr -K)J\- Sr,,, {K, - fc^r.i )C.x (44) 

Applying equation (43) to the case explained in Art. 96, 

Jfq = ilf, = 0; l, = l^^^=l'^ Wr = Wr^^ = w; 
AMJL = — ^wP and Mb = — iwP 
Taking moments about B, 

R^ = Y^wl—y^wl = %wl as before. 

Applying equation (43) to the case of Pig. 109, 

4:MJi = — \wP and Mb = — -^^wP. 

Rji =Mti = — ^\wP and /?» = — ^wL 

R\l — \wP =M^ = — -^^wP and iii = + ^wl 

R%=^wl — R\ — RB = tol — ■^wl-\-^\wl=zzj wL 

S2 = — Rt= + ^\wL 

or 8^2 = Ri — wl = -^^wl — wl = — ^f^wL 

These shears act in the same direction, of course; the oppo- 
site signs ^re gotten from opposite ends of the beam. 
S== Ri — wx=-^^wl — wx 

= when x= ^^l or x=l 
Af = Rix — ^wo(^ = -{f^wlx — \'iG^ 
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= when a? ^= |Z 

M^ = ^wP — ^X^wP= ^toP for x==-^ 
= — ^wP when x=l 

Applying equation (44) twice to the case explained in Art. 
95, the same results are gotten. It is necessary to consider the 
beam as one span of a continuous beam of many equal spans, 
similarly loaded, as shown in Fig. 116, in order that the elastic 
line may be horizontal at the supports. There will evidently be 
but two different moments at supports. 




iA 



^*^H*- ^^^<-«^-H<-<i^-»'H^ 



Pig. 116. 

M^L + 2MrX2L + M,L = — Ph{l — Ji)TJ—rh(l — ii)I^ 

In like 



M^+2Mr = - PLk,a-1(i ) 

This is for the left-hand and central spans Pig. 116. 
manner, for the right-hand and central spans 
2Mr+UI^ = - 2PLk,{l^k\ ) 
Subtracting (a) from (6) 
33f, = PLfe(l — «) — 2PL]bi(l — it?) 



(b) 



Si nee h /^ = /i *i = "T" • ^^^^ ^^^ = '- 



h=^ 



8M, = Pk(l-^^-2Pli(l—^^ 



P^(P, + 2lik + li-li)-2P^(Ii + 2hk + Ii-l^ 



^1^8 



= P^ili + 2k — ^li — 2k) = — &P 



I> 



as given under Fig. 99. 



Substituting this value in equation (a) or (5) 

JIf r = — P ^ as by the method of Art. 95. 

Applying equation (44) to the case of Fig. 112, 
2JfB(m + 0+ M^nl = ~ P{k — V)P and 
M^nl + 2Mo(nl + l)=0 



M = 



— n 
2n+2 



Afs which in the first equation gives 
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M^ = — 2 ^(k-k^) (1+w) when H = 4+8 n+3n^. 

— n 



Multiplying this value by 



2(1 + n) 



The reactions may now be determined from the following 
equations . 

Ril — P(l — kl)= M^ Ril{ +nO— Pil — U + nl) + Rial= M^ 
m = Mo Ri(l + nl)—R^=Mji 

In this case, as in the case of Fig. Ill, there must be one 
negative reaction if the beam is to be continuous. 

When there is a partial uniform load on any span, it may be 
divided into a number of equal parts and each part treated as a 
concentrated load. 

98. Practical Uses of Continuous Beams. Continuous 
beams are avoided, when practical, on account of the uncertainty 
of the stresses. This uncertainty is due to the difficulty of 
making the supports fit the unstrained outline of the beam, to 
the elasticity of the supports, and to the possible settlement of 
supports. When the supports do not fit the unstrained outline 
of the beam, they are said to be **out of level." A slight change 
in the ''level" of the supports, may cause marked changes in 
the stresses (96). If the exact level of the supports were fixed, 
the stresses could be calculated by means of modifications of 
equations (43) and (44). These modified equations are obtained 
by taking the axis of x so that the elevations of the supports will 
be yq, yry and y. ; then there will appear in the second members 

of equations (43) and (44), the term +6EI {^^^^ +1^^\ 

Swing bridges rest upon three or four supports when in the 
''closed" position, and one of the limiting conditions for which 
stresses are calculated is that of a continuous beam. This is the 
most important application of the above formulas^. Sometimes 
the track of a railway bridge is supported directly by the top 
chord of a deck-truss bridge, in which case the top chord is u 
co.Hinuous beam with elastic supports ; the bending stresses arc, 

iSee Mezrimaik and Jacoby's Roof a and Bridges, I\zrt 1V\ Wright's 
The Designing of Draw-Spans, and Johnson's Modem Framed Struct 
tares. 
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however, usually calculated upon a simple assumption.^ Railway 
rails and long lines of shafting are continuous beams. 

When a continuous beam is arranged at certain points 
(points of contra-flexure, for example) so that it can not take 
any moment at these points (hinges), it becomes a cantilever 
structure, and the stresses arc statically determinate and not 
affected by small changes in the ** lever' of the supports, 

99. Live Loads on Beams. Sincd live loads are moving 
loads, it becomes a question of finding the position of the load 
which will produce the maximum moment or maximum shear at 
a section of a beam. Having determined the position of the 
load, the procedure is the same as for stationary or dead load. 

It is evident that a single concentrated load moving over a 
cantilever beam will produce the greatest moment when it is at 
the free end; moving over a beam supported at both ends, ir 
will produce the greatest moment when it is at the middle of the 
span, and the greatest shear (at the end) when it is at the sup- 
port or just to the right of the left support. See the general 
equations accompan3'ing Pigs. 94 and 96. 

To determine the proper position of a moving load on a 
cantilever beam for any maximum stress is usually a very simple 
matter, and will not be discussed further. The common cases, 
including both concentrated and uniform loads, will now be 
considered. 

i 

100. Two Concentrated Moving Ix>ads a Fixed Distance 
Apart. In Fig. 117, Pj is greater than P, and they are a given 

fixed distance a apart. The re- 
sultant R, of Pi and Pj, should 
be at the center of the beam for 
a maximum moment in the beam 
if it were not for the fact that 
it always comes under a load as 
shown by the moment diagram 
(94), and by the fact that the 
shear passes through zero at a 
load. Evidently the maximum 
moment occurs under the great- 
er load, but this load cannot be 
at the middle of the span with- 



f',1 



■i^ 



T 



I 



\o 



JL^L ^ 



Shear O/ogfom 



Afom^f Otagrofn 




Pig. 117. 



^See the General Specifications of the Am. Ry. Eng. Assoc. 
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out disregarding the fact that R should be as near the middle as 
possible. These two f actorsr make it impossible to have the maxi- 
mum moment at the middle ; the center line of the beam must be 
half way between P^ and R, as will now be proven. 



dMo 

dx 



It 



^ (L — 2x — 6)= when Mo = M^ 



X = YzL—V'jh, that is, P^ is y^h to the left of the center and 
therefore R must be yj> to right of it. The load under which the 
maodmum moment occurs must he as far on one side of the center 
of the beam as the resultant of the loads in on the other side of 
the center. 

If Pi = 36000 lbs., Pa = 28000 lbs., L = 40 ft. and a = 8 
ft, 36000 6 = 28000 (a-ft) =28000X8-280006 and 6 = 31/2 
ft.. Pi must be placed 1% ft. to the left of the. center line so that 
R will be 1% ft. to the right of it or I814 ft. from B. Now 

B^= ^ (36000+28000) =29200 lbs. and 

il/nuix = i^ix = 29200X1814 = 533000 ft. lbs. 

In a similar manner that value of x may be found which 
will give a maximum shear, but it is evident that the maximum 
shear occurs at the end when the heavier load is there and the 
other load is on the beam. In the above example, when P^ is at i4^ 

Sniax = 36000+ ^ 28000 = 36000+22400 = 58400 lbs. 

101. Any Number of Con- 
centrated Movins: Loads Fixed 
Distances Apart. Fig. 118 shows 
six loads which move together. 
The distances between the loads 
being known, the location of 
the resultant is found at a dis- 
tance 6 from P4. Exactly the 
same reasoning will apply as for 
the case of two loads, and the 
same rule for the position giv- 
ing maximum moment will ap- 
ply; the load must be so placed 
that the center line of the beam 
will bisect 6, when the maximum ^' ^^^* 

moment occurs under P4. The proof is as follows, R^ being the 
resultant of the loads to the left of C 



I 






* 



■ii 






^ 



3ffeaf\ Ofp^rvm 



f 







4.-*^ 



iL 



Jlkamk/ff D^^gron^ 




166 



CONCENTRATED MOVING LOADS. 



Art. 101. 



It 



Mc = Rix — Rc = -^(L — x-{-h)x—Rc 



dMo 



R 



^ — j^ (L— 2x + 6)=0 whenifo = 3f. 

X = Mj^+ V^^j that is, P4 is YJ> to the right and R is i/^6 to 
the left of the center line. 

The maximum moment does not necessarily occur under the 
load which is nearest the resultant, but might occur under P,, 
for example, in which case E would have to be placed on the 
right of the center line. The moments for both cases should be 
calculated, and compared. 

As the load is not usually turned end for end, the maximum 
shear may occur at either AorB; there must evidently be a load s 
at A or B, and it is uncertain which load at either end will give 
the maximum shear. P^ at A, for example, might produce the 
maximum shear, in which case P^ would not be on the beam at 
all. The shear for each case should be calculated, and the results 
compared. The maximum shear will be equal to B^ or B2, of 
course. 

For a complete discussion of this problem as applied to 
train wheel loads, see Chapter XIII. 

1(K2. A Continuous Uni- 
^ form Movins: Load. A uniform 
live load is usually assumed to 
be of indefinite length so that it 
may come onto a beam from 
either end and cover the whole 
beam. 

Fig. 119 shows a beam of 
span L which is to carry a live 
load of w lbs. per ft. What is 
the value of a for a maximum 
moment at C? A load anywhere 
on the beam mil produce a pan- 
Fig. 119. five moment at C, (Fig. 96), 

therefore there should be as much load as possible on the beam, 
that is, the beam should be fully loaded. For maximum moment 
at any point of a beam supported at its ends, it should have a 
full load. The maximum moment in the beam occurs, of course, 
at its middle. See Fig. 101. It may, of course, be proven 
^analytically, that for maximum moment at C, a should equal x. 
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The dotted moment diagram ia for full load; all ordinates are 
loDger than for partial load. 

The maximum shear in the beam occurs at the end, and is 
equal to the reaction; it occurs under full load because a load 
anywhere on the beam will increase R^ or JBj. 

The maximum shear at C occurs when the load extends from 
C to the farther support, for if there were any load to the left 
of C, part of it would go to Bi to increase it to R/, while all of it 
would be subtracted from R^^ to give the shear at (7; in other 

words, it decreases the shear more than it increases it 8o=R/ 

—wa. It may easily be proven analytically that a should be zero. 

It is often necessary to find the shear at an intermediate 
section of a girder. 

103. Combination of Uniform Live and Uniform Dead 
Load. Fig. 120 shows a girder of 50 ft. span; the dead load is 

600 lbs. per foot and must, of 
courae, always be a full load; 
the live load is 2300 lbs. per 
foot, and is taken as a full load 
for all moments and for maxi- 
mum end shear; it is taken as 
a partial load only for maxi- 




\mzmimm2z:3U3sifi!s:f^^ 



—_ /»'_-4 



J*'- 



-60^ 



Pig. 120. 
mum shear at an intermediate section (102). 

The reactions for full load are (2300+600)25 = 72500 lbs., 
and this is the maximum or end shear. The maximum moment 
is, according to equation (42), 

ygWL = V82900X50X50 = 906250 ft. lbs. 
The maximum moment at 16 ft. from one end is 
72500X16—2900X16X8 = 788800 ft. lbs. 
The maximum shear at 16 ft. from the end is (partial load) 
«i— 600 X 16 = 600 X 25+ |J 2300X34-600X16 = 41600 lbs. 
At the middle of the span, the dead load shear is zero, and 
the maximum live load shear is (for the load covering half the 
span) 

12.5 



50 



2300X25 = 14375 lbs. 



104. Maximum Live Load Shears in a Continuous Beam 
of Two Sfians. In a two span continuous beam (spans equal or 
unequal), it is only necessary to consider one section (in th" 
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left-hand span, for instance) at a distance rr from the support, 
to find the loading which will give the maximum shear at the 
section. For any section in the other span the reasoning will be 
the same, or the beam may be considered turned end for end. 



P^vpp^^m^ 



A — 



;i 



^mauc 
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In Fig. 121, the shear at 
any section in the first span 
is evidently /Sx = + ^i(9i). 
If there were any load to the 
left of the section, it would 
increase JB^ (and therefore Fig. 121. 

the shear) but it would decrease the shear more, because only 
part of it goes to the left support (102). Any load to the right of 
the section would increase li^ and the shear the same amount. 
The loading then, for maximum live load shear, so far as the 
first span is concerned, is the same as for a single span. It re- 
mains to consider the effect of loads in the second span. Any load 
in the second span causes a negative reaction at the left end — 
Figs. 109 and 111 reversed. This would decrease U^ and there- 
fore the positive shear at the section ; the second span should be 
free from live load. 



-'-^ 



'SnutM 






It follows that the second 
^ span should be fully loaded 
for maximum negative shear 
Fig. 122. at the section as shown in 

Fig. 122. In this case, the first span should be loaded to the 
left of the section, for while any load in this part will increase 
the positive reaction (i^J, it will increase the negative shear 
more. The load in the first span produces a +jBi, and that in the 
second span dL.—li^, but whichever is the greater, the loading 
shown in Fig. 122 will give the maximum negative shear. 

If the live loads are concentrated loads, they should be 
confined, as far as possible, within the spaces indicated by the 
above uniform loads, at the same time bringing as much load as 
possible near the section. See Chapter XIII. 

It may be possible for the live load to advance from botli 
ends, but it may not be possible for it to cover an intermediate 
space as in Fig. 121; this must be determined in eyery particular 
pase from the character of the live load. 
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105. Maximum Live Load Shears in a Continuous 
Beam of Three Spans. For a maximum positive shear in one of 
the outer spans of Fig. 
123, the loading should be 
as shown, because Fig. 
112 shows that a load in 
either end span will pro- Fig. 123. 

dace a positive reaction at both ends. The first span is not fully 
loaded, because a load to the left of the section will increase K^^ 
less than it will decrease the shear. A load in the middle span 
will evidently produce negative reactions at both ends. 



^, 




-6/IMC 



The loading for 
maximum negative 
shear at any section in 
an outer span, must be 
the complement of that ^ 
for maximum positivt* 
shear or as shown in Fig. 124. 

The loading for maximum shear in the middle span is easily 
determined but is seldom needed. 



Fig. 124. 



106. ilaximum Live Load Moment in a Continuous Beam 
of Two Spans. In a two span continuous beam, any load in the 
second span will produce a 
negative moment in the first 
span, at any section (Fig. Ill 
reversed). A load in the 
first span may produce either 
a positive or a negative mo- 
ment, depending upon the 
location of the load and the 
section; but since the point 
of contra-flexure lies between 




Pig. 125. 



« = -g i and 



x = ly the mo- 
ment is always positive for 
a load anywhere in the first 






^ 






Fig. 126. 



4 4 

9pan^ if a; < ^ I; therefore, for » < -^ Z, the loadings should be as 



5 



pbown in Figs. 125 and 126. 
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Fig. 127. 





For « > |-Z, a load in the 

second span will, as before, 
produce a minus moment; a 
load in the first span may 
produce either a plus or min- 
us moment, depending upon 
its location. If the location 
of P, Pig. Ill, is found 
which will produce zero mo- 
ment at the section under 
consideration, all loads to 
the left of this load will evi- 
dently produce a minus mo- -pig, 128. 
ment at the section, and all loads to the right, a plus moment; 
the loadings, therefore, for the two maximum moments will be 
as shown in Figs. 127 and 128. A single load at D, a distance kol 
from the left support will give zero moment at a distance x from 
this support. The value of ko is given with Fig. Ill, for equal 
spana. 






i. 



m»x 







Fig. 129. 



107. Maximum Live Load Moment in a Continuous Beam 
of Tliree Spans. Only 
points in the end spans, 
which are of equal 
length, wiU be consid- 
ered. As shown by Fig. 
112, any load in the 
third span will produce 
a positive moment at 
any section of the first 
span, and any load in 
the first span will pro- 
duce a positive moment 
in the first span at any 
section to the left of the 
point of contra-flexure. 
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Fig. 130. 
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For the end spans there 
are, therefore, two cases 
as in a two span bridge. 
A load in the middle 
span will evidently pro- 
duce a negative moment 
in both end spans. Figs. 
129 to 132 show the 
four cases for any sec- 
tion in the first span. 
The minimum value of 
xq is gotten by substi- 
tuting the value of Ri, 
as given with Fig. 112 
in the equation for the 
general value of xq and 




Fio. 131. 




Fra. 132. 



tt 



making 4=0. xq (min.) = ^^2-\-2n ' 
The value of Av) is given with Fig. 112. 
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1. Are both the maximum shear and maximum moment 
required in designing a simple beam? What is required for 
a girder? 

2. Upon what assumptions are the formulas for deflection 
accompanying Figs. 94 to 113 based? 

3. In Fig. 96, find the value of ^ at C from the equation of 
the elastic line, for the segment CB, with origin at A, 

4. In Fig. 98, what must be the value of Z, in order that the 
maximum negative moment shall be equal to the maximum pos- 
itive moment? 

5. In the beams of Figs. 94 to 105, how do the maximum 
moments vary with the total load? With the length? How do 
the maximum deflections vary? 

6. In Fig. 107, how many points of contra-flexure are 
there? How many maximum moments? 

7. What is the usual convention with regani to signs for 
shears and moments? 

8. Construct a shear and a moment diagram for the case 
of Fig. 114. 

9. A cantilever beam 9 ft. long carries a uniform load of 
100 lbs. per ft., and a concentrated load of 6000 lbs. at 3 ft. from 
the free end, what is the maximum shear? The maximum 
moment? 

10. What size of I beam would you use for a floor joist 
carrying a total uniform load of 12000 lbs., the span being 20 ft. 
and the greatest fiber stress allowed 16000 lbs. per sq. in.? What 
is the greatest load this beam will carry if it is concentrated at 
mid-span? 

11. In problem 10, the deflection is what proportion of the 
span length? 

12. What is the maximum moment in the ties on a railway 
bridge if the supports are 7 ft. center to center and the rails are 
taken 5 ft. center to center, the total load on the tie being 
18000 lbs.? 

13. What is the maximum moment in a vertical beam 
carrying a water pressure of 15 ft. depth if the beam is supported 
at its ends, the distance between supports being equal to the 
depth of water? What if the beam is fixed at the lower end? 
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14; If in Fig. 114, there is also a load of 12000 lbs. at the 
middle, what is the maximum moment? The maximum shear? 

15. What is meant by a " fixed end " ? In which beams, 
Figs. 94 to 113, are the shears and moments statically indeter- 
minate? 

16. What is the maximum moment in a beam supported at 
its ends for a load P at mid-span? What is the maximum mo- 
ment if the ends of the beam are fixed, and where does it occur? 

17. Where does the maximum moment occur in a beam 
having fixed ends and carrying a uniform load? 

18. What is the maximum moment for live load in the 
floor beam of a highway bridge, the total uniform load being 
40000 lbs. and covering a length cf 20 ft., the span length being 
21i ft!? (Fig. 106, ^=Zj=9 in.). 

19. If in Fig. 107, ^=Za=8 ft. and ^2 = 18 ft., what will 
be the moment at the middle of the beam if the load between 
supports is 2000 lbs. per ft., and the load on the cantilevers is 
1500 lbs. per ft.? 

20. Does the case shown in Fig. 108 become a statically 
determinate one when the points of contra-flexure are known? 

21. How does the maximum moment in Fi,".. 108 compare 
with that in each span when the beam is discontinuous? 

22. Deduce the equation of three moments for a uniform 
load of w per foot on a continuous beam of three spans, Zi, I2, 
and {3. 

23. In Fig. 112, what is the value of R\ when there are 
two loads, each equal to P, symmetrically situated in the outer 
spans? 

24. Deduce the equations accompanying Fig. 98 from 
equation (44). 

25. A traveling crane has four wheels which run on two 
crane girders; these in turn are supported on four wheels which 
run on crane-runway girders. If the load on each crane wheel 
is 40000 lbs., and the wheel base is 10 ft., what will be the max- 
imum moment from the wheel loads, in a crane girder having a 
span of 48 ft.? What the maximum shear? 

Ans. 770000 ft. lbs. and 71670 lbs. 

26. Find, in the above example, the maximum moment 
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and maximum shear in the crane-runway girder of 20 ft; span. 
The wheel base is 9 ft. and the load on each wheel is 90000 lbs. 

Ans. 540000 ft. lbs. and 139500 lbs. 

27. Find the maximum moment and maximum shear in a 
beam of 19 ft. span for a live load of four equal wheel loads o 
40000 lbs. each, the distances center to center of wheels being 5 ft. 

Ans. 373200 ft. lbs. and 96800 lbs. 

28. What is the maximum live load moment in a girder 
of 100 ft. span for a uniform live load of 2575 lbs. per ft.? 
What is the maximum live load moment at 25 ft. from a support? 

29. In the preceding problem, what is the shear at 25 ft. 
from the support for the same loading which gave the maximum 
moment at this point? What is the maocimum live load shear at 
this point? 

30. In the preceding problem, find the maximum shear and 
maximum moment at 25 ft. from the support when the live load 
is combined with a uniform dead load of 760 lbs. per ft.? What 
is the maximum shear in the girder in this case? - 

31. A continuous girder has two spans of 40 ft. each; the 
dead load is 600 lbs. per ft. and the live load 3000 lbs. per ft. 
Will it be a continuous beam when the live load covers one arm, 
if it is impossible to have a negative reaction at the ends? See 
Figs. 108 and 109. 

32. In the preceding example, what will be the dead-load 
shear at 20 ft. from the end? What the maximum positive and 
negative live-load shears at the end^? 

Ans. - 3000 lbs. + 52500 lbs. - 7500 lbs. 

33. In the above example, what will be the maximum posi- 
tive and negative moments at 20 ft. from the end? 

Ans. + 540000 ft. lbs.- 180000 ft. lbs. 

34. At what point on tho girder of problem 31 must a 
concentrated load stand to produce zero moment at 30 ft. from 
the left support? Ans. 2.98 ft. from left support. 

35. In Fig. Ill, what must be the value of k for a maxi- 
mum moment at the middle support? __ 

Ans. fc = vJ- 

36. If in Fig. 112 there is also a load P at a distance Id 
from A', will all the reactions be positive? 
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STRESSES IN BLOCKS AND COLmiNS. 



A piece of material in oompression is a block when its ratio 
of length to least width is small. When this ratio is large it is 
called a cohcmn, a pillar, a post or a strut. The boundary be- 
tween these two classes is not a definite one, as will appear from 
the following discussion. 

x\rch stones of stone bridges and ordinary masonry pillars 
are examples of blocks. Compression members of trusses, and 
posts in buildings are examples of columns. A vertical column 
is usually called a post, and secondary compression members, 
Kuch as those belonging to the wind bracing, are called struts, 

108. Concentrated Loads on Blocks. When the load and 
reaction are uniformly distributed as 
in Fig. 133 (a), the unit stress on any 

W 

square cross section is 5c= 



ninm 



A' 



When 



rrmTTT 

Pig. 133. 




nTTTTTT 



the load is not uniformly distributed, or 

is concentrated, the stress on any cross 

section near the ends, can evidently not 

be uniformly distributed, but it may be at some intermediate 

cross section, provided the line of action of the resultants of the 

external forces is coincident with the axis of the block. 

Bauschinger's experiments on sandstone blocks show that 
the smaller the surface of application of the load, that is, the 
nearer the load approaches a concentrated one, the less the ulti- 
mate strength will be.* Thus a block of stone will carry more 
load when loaded as in Fig. 133 (a) than when loaded as in Fig. 
133 (6), as would be expected by analogy with uniformly dis- 
tributed and concentrated loads on beams. 

109. Eccentric Loads on Blocks. Fig. 134 shows a block 
CDEF which is supposed to be loaded with a concentrated load 



^ See Johnson's Materiah of CorMrudionf Chapter III. 
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P, or such a non-uniform load that its resultant P will be at a 
distance e from the axis of the block. If 
two forces, each equal to P and acting 
parallel with its line of action, be assumed 
to act in opposite directions at a (in the 
axis of the block), the effect will not be 
changed. The load P is therefore equiva- 
lent to a concentric load P and a couple 
whose moment is Pe, (34). The concentric 
load produces, on an intermediate section 
AB, ft uniform unit stress as shown by the 
diagram ABcd; the couple produces a 
uniformly vaiying unit stress (diagram 
ABfg) precisely like that produced upon 
the section of a beam. (68) (13). The 
moment of the couple being anti-clockwise 
the bending stress will be compressive at A 
and tensile at 5 ; it is zero at the center of 
gravity of the cross section. 

Combining the diagrams for the two 
kinds of stress there results : 

1. Diagram ABh in which the maxi- 
mum unit tensile stress due to bending is 
just equal to the unit stress due to the 
direct compression. 

2. Diagram ABno in which the maxi- 
mum unit tensile stress due to bending is 
greater than the unit stress due to direct 
compression. 

3. Diagram ABkm, in which the maximum unit tensile 
stress^ due to bending is less than the unit stress due to direct 
compression.. 

These values of the maximum unit stress are expressed by 

the equation P Mn P Pevi , , ^ , 

W=^±-y-=-^±-j- (45) 

For example, if a load on a stone wall 24 inches thick has 
an eccentricity of Sy^ inches and amounts to 8000 lbs. per lineal 
foot, 8000 8000x3Jyl2 





Fig. 134. 



'muz' 



12X24- tVX 12X24X24X24 



=27.8 ±24.3 



=-f 52.1 and + 3.5 lbs. per sq. inch. 
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Botfi extreme fiber stresses are compressive in this case. The 
average unit sitress is the mean of these two and is 27.8 lbs. per 
sq. inch, or the same as the uniform unit stress, which is also 
apparent from an inspection of the diagrams Pig. 134. 

• The extreme fiber stress at B is zero when - 

Pevi 



A 



= — ir-or when 



Avi 



For a rectangular cross section this becomes 






as is; evident from the stress diagram ABh whose center of grav- 
ity is % ^B from o ox % AB from A, (In this case the dia- 
gram for the total stress on a cross section is similar to that for 
unit stress). If the eccentricity of the load is greater than one- 
sixth of the total width of the section either way from the center, 
the stress at the further edge becomes tensile. Then to avoid the 
tensile stresses in masonry, as is usually required, the resultant 
of the loads must not fall outside of the middle third of tlie 
width, or more definitely, it must not fall outside of the shaded 
zone in Pig. 135 

(a). 

Por a circular 
cross section the 
above equation 
will give % d as 
the limit for e, 
that is the result- 
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Fig. 135. 

ant must not fall outside a central zone whose diameter is equal 
to ^/4 ^^6 diameter of the cross section. Pig. 135 (6). 

When in a rectangular cross section, no tansion is possible, 
the stress diagram is still a triangle in the second case, as Apo 
for example, Pig. 134. The distance of the resultant from A is 
% Ap=rri/2h—e. 



Total stress=ApX6X%5max.=3(V2^— e)6xy2«i 



max* 



:P. 



^m«x^^^^ 



(i h-e) b 
Aa the eccentricity e, increases, the denominator diminishes 
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and 5max. increasos. When tension is pomble, e may of oourse 
exceed ^/^ h, but when it is not, the maximum eccentricity is 
limited by the strengrt;h of the material. If no tension were pofih 
sible and e could be made equal to 14 /i, Smax would be infinite. 

A case quite similar to the above may be illustrated by 
means of a bridge pier (Fig. 136) having a horizontal force act- 
ing near its top. The horizontal 
load of 70,000 lbs. is equivalent to 
a force of 70,000 lbs. acting at g 
and a couple whose moment is 
70,000X26=1,820,000 ft. lbs. The 
couple produces a uniformly vary- 
ing pressure upon the foundation 
and the vertical loads a uniform 
pressure, so that equation (45^ is 
applicable. 

P_ 100,0004-420.000 
~ 6X26 

1,820,000X13 



A 
Mvi 



=3330 



iVX6X26X2GX2G' 



:2690 




ng. 136. 



Pressure along a6=26904- 
3330=6020 lbs. per sq. ft. Pressure along cd=3330--2690=640 
lbs. per sq ft. 

In equation (45) /= j v-dA is the measure of the cross 

section's resistance to turning about the neutral axis. If it is 
assumed that the entire area is concentrated in a single point, 
then 

I=Ar^ (46) 

in which r is the distance from the axis to the point at which 
the area would have to be concentrated in order to have the same 
moment of inertia as the actual moment of inertia ; r is called the 
radius of gyration. 

Substituting this value of I in equation (45) 



8 



~ A"^ Ar^ 






(45a) 



''=-A 



«, 



IB»X 



H 



evi 



(47) 



5c is a reduced working unit stress in compression depending 
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upon the tnaximum allowed unit stress, the eccentricity, and the 
form and size of the cross section, s^ may be applied to the total 
stress to find the required area just as Sw is applied in tension or 
in blocks in compression when the load is concentric. 

Equation (47) can best be solved by trial because r depends 
upon the section which is to be found. Both A and r are un- 
known. 

In Fig. 134 it is evident that one side of the block will be 
compressed more than the other, and if there is any tension, one 
side may even be extended. This is similar to the deformation 
of a beam (68) and the axis must bend. The point a moves to- 
ward the left so that the moment is really greater than Pe since 
the final lever arm is greater than e by the amount of the de- 
flection of the axis between a and the section under consideration. 
In a block, however, this deflection is so small compared with e 
that it is negligible. 



110. Columns Eccentrically Loaded. If 

eccentricaUy loaded, the deflection is not 
negligible as it is in a block. As in Fig. 
134, the stress at any section is composed 
of two parts, direct compression and 
bending. The lever arm of the couple 
is, however, not e, but e-ft/max— t/. Fig. 
137. The moment of the couple is 
M=—P (e+t/max— 2/). y may be found 
from the differential equation of the 
elastic line just as for a beam, (81), but 
in this case the moment is in terms of y 
and not of x. 

Putting e-f-t/Bi»x==ei for convenience, 



a column is 






Integrating : 




Pig. 137. 



(%y~i^^)y+o 



dy 
3^ 



:0 when y=Q hence (7=0 
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Extracting the square root and transforming 

dy 



\lr^^ 



Integrating again, the equation of the elastic line is: 



\El 



EI ei ^ e+y. 



'axAx 



when x=0, i/=0 hence C=^0 

when x==ly 2/=i/max and (48) becomes 






(b) 



From (b) 



where ^^^^=1^'-^-^/ (49) 



versOl 1 — cod'Sl ,. /v,. ^v /ca\ 



Equation (50) determines the maximum eccentricity which 
is e-j-t/max; having this the eccentricity at any section may be 
found, it being <?+?/max— ?/, V being obtained from equation (48). 
Stresses are found as in a block. The maximum stress will occur 
in the extreme fibre at the base on the compression or concave 
side. 



"max 



9, 



P , P (g+.Vn,a, ) Vl ^/l ,«in\ ,t..v 



^max '^max 



• T^ IT 

Equations (48), (49), (50), (51), and (52) give complete 
information with regard to stresses in and deflections of origi- 
nally straight and homogeneous columns within the ^clastic limit. 
If the average unit stress allowable is found from equation (52) 
the area of a column's cross section is determined as simply as 
that of a tension member. This equation is, however, so difficult 
of application that it is not icsed in practice; it may be used as 

an occasional check upon results obtained by the usual methods. 

P 

-T- appears on both sides of the equation (see equation (49) ) 

while Vi and r also depend upon the section which is to be found. 



e 
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If in equation (51) ^^ is put equal to c, that is if the bending 
is neglected, 5max will b.e the same as for a block (Eq. 45a) and Sc 
the same as given by equation (47) ; but according to equation 
(52) this is true only when sec 01=1 or 6l==0y and according to 
equation (49), 61 has this value only when 1=0. It follows that 
a column may be treated as a block when it is short, the boundary 
line between the two depending upon I and e (equations (50) and 
(49) ). When t/max is small compared with e, t/max is negligible. 

To show the influence of the bending, 2/max is given below in 
terras of e for a column composed of two steel channels 10 in.X20 
lbs. X 200 inches long. Applying equation (50) for a column 
fixed at one end; 

for P= 50,000 lbs. y,nMx= \8ec(20oJ 55229 )— ll 

^m«r— L Y \ 29000000X157.4^ J 

!/„„„= (sec. 0.662—1)6= 0.269e 

for P=100,000 lbs. 2/max=(sec. 0.936— l)c= 0.688e 

for P~150,000 lbs. 2/inax=(sec. 1.146— l)e= 1.430e 

for P=-_200,000 lbs. t/„«x=(sec. 1.324— l)e= 3.105e 

for P=--250,000 lbs. ?/max=(sec. 1.478— l)c= 9.628e 

for P=270,000 lbs. 2/max==(sec. 1.540— l)e=30.882e 

for F=281,000 lbs. 2/xuax=(sec. 1.570-1) e= a 

It is to be noted that the influence of the bending increases 
at first slowly and then very rapidly, so that for the greater loads 
e IS negligible compared with t/max. In fact, ym&x== a ^^^ * ^^^^ ^^ 
only 281,000 lbs., or an average stress of 23,900 lbs. per sq. in., 
no matter how small the eccentricity may be, so long as it is not 
zero. This must be interpreted to mean that the equilibrium 
between the load and the induced stresses is not possible except 
for loads less than this ; under greater loads the column fails. Of 
course if e is large, the elastic limit may be exceeded for a less 
load than 281,000 lbs., and it should be remembered that the 
equations are not applicable beyond the elastic limit. Thus if 
e^Vo in. and P=250,000 lbs., i/inax=9.628xy2=4.814 in. s. 



250000/, ,4.814+0 5. \ ^^ ^nn iv • a- *u- 

11 '"fi V "* rrt — / =6^'*^^^ ^^' P^r ^^- ^' Since this 

exceeds the elastic limit, the deflection would be much greater 
than that given by the formula and the column would fail. 

The important case in which the eccentricity is very small, 
—for practically concentric loads— will be considered in the next 
article. 
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111. Columns Concentrically Loaded. It is praotically 
impossible to apply loads to either tensile or compressive members 
without a slight eccentricity ; this causes the member to bend. In 
a tensile member the load has a tendency to reduce this bending, 
but in a compressive member the tendency is just the opposite, 
and this is of great importance as is shown by experiments, and 
as will also appear from a discussion of the equations in the pre- 
ceding article. 

An ideal column is one having a perfectly straight axis, and 
the material of which is homogenious and in the same condition 
throughout. If such a column be loaded concentrically it will 
not bend. The practical column will bend under any load until 
the load and the stresses are in equilibrium or until the column 
fails. 

If the load is not great enough to cause failure, the column 
is in stable equilibrium, for if its deflection be changed by apply- 
ing a small transverse force, and this force is then removed, it 
will return to its original deflected position. If the load be ap- 
plied gradually, a point will be reached at which failure takes 
place suddenly. The load under which stable equilibrium just 
ceases must, therefore, be the ultimate load which the column 
will carry. This critical load is easily found from equations (49) 
and (50), for it is the load which will make t/niax=«, which is 
true when ^t=i/^ir. As shown by the example in Art. 110, this 
is quite possible in an ordinary column. From equation (49), 
which applies to a column fixed at one end and free at the other, 

^ r\ AE 
from which 

i>„„=i^^£-J (53) 

This then is the load that will produce failure when the 
eccentricity is so small that there is no danger that the elastic 
limit will be exceeded for a less load, as was illustrated by the 
example in Art. 110. It should be remembered that initial stresses 
and bends, and non-homogenity of the material in a column, havo 
an influence quite similar to eccentric loading; when these all 
happen to have a tendency to produce bending in one direction, 
they form the most unfavorable case, which must always be as- 
sumed. It is assumed, therefore, that care has been taken to 
have the column straight and the eccentricity very small. Equa- 
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tion (53) is, thorefore, applicable under conditions approaching 
very closely to the ideal, as it is independent of the eccentricity.* 
Equation (53) is based upon the maximum deflection and 
not upon the maximum unit stress. It is much simpler than 
equation (52) in which it would be impossible to assign a satis- 
factory value of e for concentric loads. No doubt, when the col- 
umn fails, the stress has reached the ultimate strength of the 
material. It has been shown by many experiments on steel,* that 
the yield point is the ultimate strength in columns, that is, the 
stress-deformation diagram does not rise above the yield point 
in steel.' Since the equations do not apply beyond the elastic 
limit, or limit of proportionality, it will be on the side of safety 
to call the elastic limit the ultimate strength. When equation 

p 

(53) gives values of —j^ greater than the elastic limit, (as it 

will for small values of — ) it is no longer applicable. Under this 

T 

formula the column is treated as a block. Equation (53) may be 
written in the fonn of equation (54) and must be used in con- 
nection with equation (55). 

Sc =%^=KA^^ (54) 

^c =%=«. (65) 



A 
a, is the unit stress at the elastic limit. Applying a factor 



'Prof. Wm. Cain has shown by a rigorous analysid th^t equation 
(53) gives the load on ihe ideal column that is Just sufl9icient to keep 
the column deflected after it has been slightly bent by a traDBverse 
force, ^nd he deduces a formula for the amount of the maximum de- 
flection for loads greater than this critical load. This formula shows 
that a load only a few pounds greater than the critiqjGil load will cause 
a deflection so large that, practically the critical lo;ad is the ultimate 
load. Slight variations from the ideal condition would produce the 
same result. See Trans. Am. Soc. C. E., Vol. XXXIX, p^ige 96. 

»See a paper by Chas. Mar^all, Trans. Am. Soc. C. B., Vol. XVII, 
page 53. 

sSee also Johnson's Materials of Construction, p^ge 363, for an 
account of experiments by M. Consid^re showing that the strength of 
a column is a function of the elastic limit of the material and is inde- 
pendent of the ultimate strength in either tension or compression. 
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of safety to Sc, the working unit stress is gotten. The same factor 

of safety is .usually used for all values of — . It is difficult to 

assign a rational value. 

Equations (54) and (55) give the same value of Se when 

8^ = \Tt^E-j^, or when 



i=*'^| 



P 
"E 



«. 



(56) 



That is, eciuation (56) gives the value of — at which equation 

T 

(54) begins to be applicable and equation (55) ceases to be ap- 
plicable. 

It may be noted that the stress due to direct compression is 

negligible when -j- in equation (51) is very much greater than 

unity ; this is the case when e^ is large, that is, when i/max is large ; 
but i/ni«x is infinite when sec 61= <x or when equation (54) holds. 
Long columns, therefore, fail by bending, and short columns by 
direct compression. In ordinary cases, however, both kinds of 
stress are combined, and buckling may take place for a load less 
than Pmax as given by equation (53) ; that is, the elastic limit is 
I'assed. The difference in these loads depends upon the eccen- 
tricity and the initial curvature of the column. 

If the effect of the initial curvature be investigated, it will 
be found to vary in a manner quite like the effect of eccentricity 
as shown by the application of equation (50). This difference, 
then, increases as the eccentricity and initial curvature increase. 

The effect of the usual variations from theoretical conditions 
can only be found by experiments. This is discussed in Art. 113. 

112. End Conditions. The column shown in Fig. 137 has 

a fixed end and a free end. At a fixed end the direction of the 

tangent to the elastic curve corresponds with that of the axis of the 

dy 
column before it is bent, that is ,—=0. When the end of a col- 
ax 

unm is perfectly free to turn so that its end condition has no 
influence whatever on its bending, the end is said to be pivoted, 
A round end would be formed by a hemispherical end on a flat 
surface ; the deflection of the column shifts the point of applica- 
tion of the load slightly. When there is a rocker bearing in place 
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of the flat bearing, a round end becomes a hinged end. A hinged 
end is also formed by a pin connection in which the clearaiice 
between the pin and the pin hole is small. A ball and socket joint 
is hinged in all directions, while a pin joint is hinged in but one 
direction. When the end of a column is a plane normal to its 
axis, and it rests squarely on a plane surface, it is flat ended. Un- 
der certain conditions a flat end might be a fixed end, but this 
cannot be accomplished perfectly by fastening the column to its 
bearing on account of the elasticity of the fastenings. 

In structural work, columns have pin or hinged ends, flat 
ends, nveted ends and flxed ends. Pivoted ends do not occur. 
On account of frictional resistance, a pin-ended column occupies 
an intermediate place between pivoted and flat-ended columns. 
'I'his frictional resistance depends upon the size of the pin, being 
largest for large pins. CompTession members in riveted trusses 
are columns with riveted ends. Such columns are usually as- 
sumed to be flat-ended. The ends are not fixed on account of the 
elasticity of the connections and the deflection of the truss. When 
n Iruss deflects, the angles between the members change and some 
Ueriding is induced in them because their ends are not pivoted. ' 




i_ 
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Pig. 138, 
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In practical column formulas, such assumptions of end con- 
ditions arc usually made as will be on the side of safety. In 
theoretical analyses, only the pivoted and fixed end conditions 
are investigated. Fig. 138 shows that the fundamental cases arc 
really combinations of the simple case of a column fixed at one 
end and free at the other, provided the ends are not allowed to 
move sidewise, so as to change their relative lateral positions, 
for this would, of course, change the curvature. 

Figures 138 (a), (6), (c), and (d) show, respectively, col- 
umns with one fixed end and one free end, with two pivoted ends, 
with one pivoted and one fixed end and with two fixed ends. The 
points F are all fixed points because at these the tangent to the 
elastic curve is vertical; the points P are all pivoted because at 
these the bending moment is zero. It is evident that the points F 
and P divide the column (d) into four equal parts and it follows, 
that for the same strength, and for the different end conditions 
shown in Fig. 138, a column's length should vary as 1 :2 :3 :4. 

If it is desired to have the preceding equations apply to 
columns of cases (6), (c) and (d), and to have them in terms of 
the total length of the column, it is only necessary to substitute 
for I it« value in terms of L, namely Z=%i2> ^=%J^a and t= 
\iiL^ respectively. For the four cases of Fig. 138, equation (54) 
becomes : 

^=%=K^^ (54) 

s^=?^=^E^^ (Euler's Formula). (57) 
«,=^=2.25ir2£'^, (68) 

s,=^=^^e'^-^ (59) 

For the mmr lengths the strengtlis are to each other as 1 :4 :9 :16. 

It is to be noted that the top of column (c), Fig, 138, is not 
on the tangent at its lower end, but is located like the point of 
contra-ilexure in column (d). When the ends are both on the 
tangent line, the factor 2.25 in equation (58) becomes 2.05. 

The greatest stress occurs at the points F in Fig. 138, and is 
the same in all four cases, for the same load, on each column, the . 
radius of g>Tation being the same. In case (d), the points of 
contra-flexure P are usually nearer the ends on account of lack of 
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perfect fixity, and the maximum stress is at the middle of the 
column. If then the location of the points of obntra-flexure are 
known, the part of the column between them may be treated as a 
colunm with true pivoted ends. 

Columns do not necessarily bend into the simple curves 
shown in Fig. 138. In case (b), for example, double and triple 
flexure occasionally occur, and the column carries a much greater 
load. Experiments show that these conditions are unstable. 
With an increase of load the column goes over into the weaker 
condition of single flexure.^ Multiple flexure is due to variations 
from the ideal conditions tending to produce bending in opposite 
directions in different parts of the column. Its possibility fol- 
lows from equation (49) because, sec tffc= a when dJ=^^ir, dt= 

|ir, 0^=i^Wj etc. 

In Fig. 138 (fe), on account of the symmetry, the tangent to 
the elastic line is vertical at the middle, and each half of the 
colunm is in the condition of a column fixed at one end and free 
at the other— case (a). This condition will not be changed if the 
column be cut in two, provided there is no tension on the convex 
side. It follows that a column may have a fixed end mthout he- 
ing fastened, or that a flat end may be a fixed end. An elastic 
base, however, will deform until the stresses developed are equal 
to the pressure from the column. Since this pressure is greater 
on one side than the other, the column, if free at one end, will 
lean; the elastic curve will be tangent to the inclined position, 
and the stresses will be but slightly different from those in the 
case of a true fixed end. In a column with two fixed ends, for 
example, any turning of the ends will move the points of contra- 
fiexure toward the ends— the column will approach the condition 
of a column with pivoted end. If the ends t(butted against per- 
fectly inelastic surfaces, they would be in the condition of perfect 
fixity so long as there was no tension on the convex side, near the 
ends; the intensity of the direct compression would have to be 
greater than the intensity of the tension due to bending, 

P ^ M,vi 



*See |i report on EatperimeniB on the Strength of Wrought Iron 
itruiB^ by James Christie, Mem. Am. Soc. C. E., Trans. Am. Soc. C. B., 
Vol. XIII. page 88. 
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Prom equation (50) 

P PesecOlvi esecOlvi ^^ 



(60) 



If the ends are not fastened but simply press against flat 
rigid surfaces, there will be the less liability of separation on the 
convex side, the broader the ends are, for v^ and r refer to the 
end surfaces here 

A column's support approaches rigidity when it is a large 
mass like a bridge pier, and when the end of a column is so large 
that the intensity of pressure on the support is comparatively 
' small. A further difficulty in the practical application of equa- 
tion (60) lies in the fact that no 
satisfactory value of e can be as- 
signed to take account of all the 
variations from ideal conditions. 

If the end of the column is 
forked, as shown in Fig. 139, it will 
be fixed when 

i Pifc=3f 
> 

M being the bending moment at 
the end due to the column bending, 
or this combined with the moment 
due to transverse loads on the col- 
umn, the support being assumed 

inelastic. 

When the ends of a 
column fixed at both 

ends are not fastened, they will turn as soon as the 
pressure on the convex side passes zero; the curva- 
ture between the points of contra-flexure increases 
and beyond them it decreases— the points of contra- 
flexure move toward the ends, and when they ar- 
rive at the ends, we have the case of pivoted ends 
so far as the form of the elastic line is concerned, 
but on account of the flat ends, the end pressures 
will be eccentric, as shown in Fig. 140. 

It follows that the stress in a flat ended col- 
umn will be less than in a column with pivoted 
ends, because the turning of the ends produces an 
eccentricity tending to reverse the curvature. Equa- 
FiK. 140. 
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tion (61) will give some idea concerning this contingency, but 
with elastic supports, the column's end will turn under a much 
less load than when the supports are rigid. 

113. Column Formulas. By a column formula is usually 
meant an equation which gives the average working stress by 
which the total stress in a column, concentrically loaded, must 
be divided in order to obtain its area. Finding the required area 
of a column's cross section is, therefore, a very simple matter, 
since all specifications give one or more column formulas. It is 
not as simple, however, as finding the required area of a tension 
member, because the shortest method of solving the formula, is 
by trial. 

It is assumed that care has been taken to have the column 
straight and the load concentric, but practically it is impossible 
to know, in any particular case, how great the variations frorii 
ideal conditions are. 

If the condition of the column approaches very closely to 
the ideal, as explained in Article 111, then equations (54), (57), 
(58), (59) and (55) are applicable, and are used for the prac- 
tical column by many engineers, particularly in continental 
Europe. Equation (57), which applies to a column with pivoted 
ends, was published by Euler in 1759, and is called Euler's For- 
mula. The question arises, does the practi<?al column approach 
the ideal closely enough so that its strength will be but slightly 
below that given by Euler 's Formula? It is only by experiipents 
that the effect of variations from the ideal column can be deter- 
mined. With experiments on practical columns, a good test of 
Euler 's Formula cannot be made because the end conditions are 
uncertain, as is apparent from a careful reading of Article 112. 
Then, too, Euler 's Formula is not applicable beyond the elastic 
limit, but in a steel column the stress at failure does not exceed 
this limit much. 

Most engineers in this country base their column formulas- 

• - » 

upon experiments, and put them in terms of the maximum al- 
lowed unit stress. These experiments eliminate, to a certain ex- 
tent, the uncertainties as to end conditions, and show rather wide 
variations from the mean, as would be expected, particularly 
when multiple flexure occurs. It is highly desirable to have more 
experiments in order to reduce the discrepancies between various 
column formulas now in use. 

Equation (52) might be used as a column formula if a sat- • 
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isfactory value can be assigned to the eccentricity. If sec. 01 is 
developed into a series, and the higher powers omitted, equation 
(52) becomes: 

* A . evi cv\ P P 

When e is very small— when care has be?n taken to have the 
load concentric and the column straight—, -<,- will be less than 

e and may be neglected. Since e is unknown, ^ -j-p may be set 

equal to — (since it will be a small fraction) which is to be de- 
termined by experiment. "We have then the following formula 
which, in this country is called Rankine^s Formula. 



«c= 



^max 



A 1^ (61) 

This equation is best solved by trial, since r depends upon 
the section sought, but the solution is very simple compared with 
that of equation (52). 

Equation (61) represents a curve which is laid in the middle 
of a field of results, plotted from experiments made upon columns 

having various ratios of — • The value of a so determined would 

not, of course, apply beyond the limits of — nsed in the experi- 
ments, or to any other end conditions or kind of material ; but it is 
assumed to apply to any form of cross section. Even within these 
limitations, a is evidently not a constant, but the formula can be 
made to represent the experiments very closely between certain 

limits of — ; this is sometimes better accomplished by putting 

for SmMa, a value different from its value in tension. It is not per- 
missible in all cases to omit the higher powers in the development 
of the series for sec 01. Rankine's Formula, therefore, is purely 
empirical. It was originally deduced by Navier from equation 
(51) in a manner which gave a much simpler value of a than 
that given above, and which shows more clearly that a cannot be 
a constant, but it is none the less indeterminate theoretically. 
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Many different column formulas have been proposed, but in 
recent years the Straight Line Formula has come into favor with 
the engineers in this country, because a straight line can be made 
to represent the experiments as well as any curve, for the usual 

values of — which occur in practice. The Straight Line Formula 



is of the form 



/ 



8„ 



max 



(62) 



In this formula c is the experimental constant and, as in 
Rankine's Formula, Smax is also sometimes chosen to fit the ex- 
periments. 

Fig. 141 shows in a general way, the relations between the 
commonest column formulas for steel columns having an elastic 
limit of 40,000 lbs. per sq. in. A portion of Euler's curve is of 
no value because it lies above the elastic limit. The ultimate 
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strength of a column cannot exceed the elastic limit if its ratia 



I 



is greater than perhaps 40. If this ratio is less than this limit, 
it is difficult to determine the point of failure. A block will de- 
form indefinitely, but a column will bend suddenly when the 
yield point is passed. While the elastic limit is a proper limit 
of strength, it would evidently not be rational to apply the same 
factor of safety to it for the shortest columns as for the longer 
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columns. This difficulty is, however, of little importance, as very 

I 
tew practical columns have ratios ot — less than 40 or greater 

than 150. The portions of the curves shown dotted are of little 
importance. 

Rankine's and the Straight Line formulas are experimental, 
and Fig. 141 shows that the strength of the practical column is 

considerably below that of the ideal for the usual values of — , 

and particularly for those occurring oftenest in practice. No 
numerical values for the empirical constants are given in these 
equations, because they vary widely in the formulas as applied 
to the different sets of experiments that have so far been madeJ* 
For definite values the student should refer to the various stand- 
ard spcifications. 

There is no reason why the Straight Line and Rankine's 
Curve should cut the vertical axis in the same point or at the 
particular value of Sc shown in Fig. 141; it is only a question of 
having these lines represent the average of the experiments 

within the usual values of—. Neither is there any definite value 

at which these lines meet Euler's Curve; this depends upon the 
end conditions and the kind of material. Nearly all experiments 
show that Euler's Curve is applicable for the larger values of 

values usually above those used in practice. 



'For diagrama crhowin^r the results of a numt>er of sets of experi- 
ments on columns, and for column formulas fitted to them, see Burr's 
Matticity and Resistance of the Materials of Engineering^ pp. 479 to 
606. 6th Edition. 

For diagrams showing the results of some very careful tests made 
by Tetmajer, see Johnson's Materials of Construction, Figs. 297 and 
298. or Tr^ns. Am. Soc. C. E., Vol. XXXIX, pp. 109 and 111. 

For diagrams showing the results of experiments made in this 
country before 1885, see a paper by Thos. H. Johnson, M. Am. Soc. 
C. E. in the Trans. Am. Soc. C. E., Vol. XV, page 517. This paper grlves 
the Straight Line formulas -whlcb Mr. Johnson proposed. 

For the results of some very careful experiments upon columns 
of single angles, be^ms, channeJs, tees, and tubes, see papers by Mr. 
James Chiistie, Trans. Am. Soc. C. E., Vol. XIII, pp. 86 and 264. 
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Fig. 142. 



114. Columns in Towers. Fig. 142 shows a two-stojy 
tower, composed of four colamns 
fastened together with bracing. 
The column being held at the mid- 
dle, may take on the reverse curva- 
ture shown by the dotted line. The 
point A being a point of contra- 
flexure, will be in the condition of 
a pivoted end; but if the connec- 
tion of the strut AB is large and 
rigid, and if the strut itself has 
considerable stiffness, there will be 
a tendency to hold the column in a 
vertical line at A, The two seg- 
ments of the column are treated as separate columns with inde- 
terminate end conditions; a safe assumption is that of pivoted 
ends. The bracing in the vertical planes holds the columns against 
buckling in two directions onhj. To prevent buckling in a diago- 
nal direction the horizontal braces AC and BD may be used.' 

If the column AE, Pig. 143, be held against 
sidewise movement (in all directions) at points 
A, B, C, D and E, by means of pivoted connec- 
tions, then each segment is in the condition of a 
column with pivoted ends. Of course initial 
bends may interfere considerably with the uni- 
form bending indicated by the dotted line, but 
under the most favorable conditions, the seg- 
ments are in the same condition if the column is 
of uniform section and divided into equal 
lengths. 

If the strut connections are not pivoted, the 
bending will not be so great. 

If the load on the column is ecGentric the 
effect will be quite different. In this case the 
small accidental eccentricities are neglected. It 
is not possible to make an exact solution in a 
practical case because of the indefinite end con- 
ditions, but the cases shown in Fig. 144 will fur- 
nish a guide for the judgement. The column is assumed to be 
continuous, and except in case (6), to have pivoted ends. Under 
the assumption of pivoted ends, the lines of the reaction fall in 
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the axes of the columns. With square ends, they would move 
toward the load when the lower story of the column is bent so 
as to be convex toward the loaded side, decreasing the eccen- 
tricity; in the opposite case the eccentricity would be increased 
as the column bends. The effect of y on the moment is neglected. 
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Fig. 144. 



The cases of- the one story column, (a) and (6), Fig. 144, 
are given for the sake of completeness. The other cases show that 
the influence of the eccentric load decreases very rapidly in the 
stories above or below it, and may be neglected in the third or 
fourth story from the load. In case (/), for example, the maxi- 
mum moment in the lower story is iV^^ at C. The maximum 
moment in any case occurs at the top of the column when the 
load is at the top, and is Pe. 

The horizontal reactions are gotten by applying the diflPeren- 
tial equation of the elastic line to each segment. In case (c), for 
example, there are seven quantities to determine— three reactions 



AB < 
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and four constants of integration. The conditions for determin- 
ing these are, the sum of the horizontal components equals zero, 
the sum of the moments about B equals zero, y==0 when oc==Oy 

dy 
y=0 when x=4, yi=0 when Xi=0, 3/1=0 when x^= I and -f-ia 

the same for x=l and x^^=l excepting signs. 

JSI^^=-Pex-H^i7?+ (a) 

£'Iy=— JPear'+JFi x»+Cx +{C=0) 
C=0 since when x=0 y=0 
since y=0 when a^=/ 

"^'^ 

E^£=iH,xi^-\-Ci (ai) 

EJyi=iHt xi*+Ci XI + ( <7i=0) 

Ci=0 since yi=K) when xi=0 

since yi=0 when xi=l 

Ci=-i HtP 
Making x==l in (o) and Xi=l in (a,) 
— PeZ-H Si P-f4 Pel—\ Hi P=-i Ih P+ J Hi P 
i Hi P— i Pet^=— i fT, P 
M,f=.Q=Pe-UJ.+HJ, or HJl=UJi-Pe 
Substituting this value of HJi in the preceding equation 



BC 



Hi=lP- 



e 
1 



This value in the above equation gives 

H«={P-^ 

Ht=Hi+Hs=iP -j- 
For the point of contra-flexure 

Pe—Hix=JO=Pe—i P-^ x and x=\l 
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Having all the external forces, the moment at any section of 
the column is easily gotten. When a column has several eccen- 
tric loads, the corresponding cases in Fig. 144 may be combined 
and the reactions added algebraically, to get the resultant reac- 
tions as shown in Fig. 145. 



\£. 



Le 



t^ 



i^ 



t^ 



if. 



i^ 



if. 



\p 



kp-^pf{^tii-ij-*i.eipf 



i^— Pf{-^->^^i -ij-- 0. 77SPf 



i--^— Pf(lk-^+o-i-^-ij=+o.azspf 



l'^ pf(-&i-fk-i*oi-i-i)'-aos9ipf 



ip_^pff^-^^oti-ij'o 



1^_ Pf(i-itOtl^)~0 



iP-^ Pf(.^^i^o-i*iJ'o. 



i^ Pf(-^+^iO-^ti)*^-O.008Pf 



iP^ pfi^^O-i-h^J ' -tOJTSPf 



i^— Pf(-^-M^ ■ -oeisPf 



Fig. 145. 



In this very simple case, tke loads and eccentricities are 
taken equal throughout, and the transverse members between col- 
timns are assumed to be rigid. In practice, such columns do not 
have a constant moment of inertia as here assumed, nor are the 
connections of the horizontal members pivoted. If, for example, 
the loads on column 3 were concentric while those on column 1 
were eccentric, the problem would be statically indeterminate, 
and the reactions would depend on the stiffness of the columns. 
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The moments are a maximum at the ends of the segments, 
and have opposite signs above and below the points of division. 
The maximum moment is Pe at the top of the column. The mo- 

ment at the bottom of thre upper segment is Pe— 1.61P j fc= 

•— 0.61Pe. At the top of the second segment the moment is 
— 0.61Pe+Pe=+0.39 Pe. At the intermediate points (three 
stories or more from the top or bottom), the moment is db %Pe. 
This is the resultant of the opposite kinds of bending produced in 
any particular story by the various loads. 

In high office buildings, each story is usually treated as an 
independent column— or rather as a block— for eccentric loads, 
and the moment is taken equal to Pe. These columns are usually 
BO short that their bending, compared with the eccentricity which 
may be somewhat indefinite, is negligible. To get an idea of how 
much this bending is, consider an 8"X^/4" ^-bar column having 
a length of 14 ft. and carrying a load of 26,000 lbs. with an ec- 
centricity of 6 inches. Assuming pivoted ends, equation (50) is 
applicable provided I is taken as half the length. 

y.a^brsec(^V, 26000 )^,1 
^"*^^ L V2.46 ^11 3x29000000/ J 

={sec 17.09°-1)=6 ( 1.046- 1)=0.276 inches. 
If the entire load on the column is eccentric, the bending 
will, of course, be much greater.* 

115. Combinations of Buckling and Bending. When a 
column is subjected to a transverse load in addition to the longi- 
tudinal load, the bending due to the transverse force has more 
influence upon the buckling stress than that due to the longitudi- 
nal force P. The lever arm of P is due to a combination of the 
action of both loads. In practice, such a column is sometimes 
treated as a block in which the unit stress in the extreme fibre is 

_P . Myx_ 
^ A'^ I 

and is allowed to be as large as the working stress in tension. Of 
course s should not exceed the working stress given by a column 

^For stresses in columns due to transverse forces, see Wind Stresses in 
the Steel Frames of Office BuildingSf by W. M. Wilson and G. A. Maney, 
Engineering Experiment Station, University of Illinois, Bulletin No. 80. 

Stresses in Tall Buildings f by Cyrus A. Melick, Bulletin No. 8, College 
of Engineering, Ohio State University. 
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formula because the accidental eccentrities, etc., may conspire 
to make M greater than that calculated from the deflection given 

by the formulas below. 

In practice M is usually 

taken as dependent 

^ upon the transverse 

load only, but to be 

exact both loads must 

be considered as acting 

simultaneously. The law of superposition is not accurate enough 

in some cases. Fig. 146 shows a conmion case for which 

The equation of the elastic line is 
^y=-J {¥ ^—k^ ^^— 5" )+ ^1 ^"* OX+C2CO8 $x ^ 






when x==0, t/=0, hence 



a= 



w 
fP 



when x=L, if=0, hence 

^ w(\ — rosOL) w , .- 

OrstnOL $P * 

Substituting the values of Cj and Cg 
^y=0pi\ ^ ^—\ ^ J^a:— 1+ cos ex + tan {OL dn Ox) 

When x=^'y2L 

w 
6yn»r=jp(i ^ I'^—i ^ L'—l+ C08 1 « L+ ton I tf L atn i « L) 

w 

ymar= ^.(WC i 1— 1— J ^ U) (63) 

The equation for ;/„„! may be put into a simpler form by 
developing sec y^OL into a series in accordance with the formula 



tee 



a? 



1-Hr4 



5 a,-*. 61 a* 



24 



\ 



720 



+ 



etc 



^For the formula of integration see Johnson's " Differential Equations " 
Art. 82, or Boyd's " Differential Equations,'* Arts. 33 and 41. 
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Terms higher than those given are negligible in practical 
examples. Now 

y-.:r-^i ^i^ -J O^i + 24x76 + 720X(r. y 

BtoZV 12g*P \ P FLW g».L^ \ 
"~S8i7'\ + 1-20 /~ 384i'\ "^"lO"/ 

=|j^(l-|-^<»*L*) nearly 



5 WL* 



;5(i+^') (C4) 



384 J^7 

It will be noted that the first term of th^s expression for 
the maximum deflection is equal to the deflection when the trans- 
verse load only is acting, and the second term is the additional 
deflection due to the addition of P. The second term is usually 
small compared with the first, and may be neglected in order to 
simplify the practical applications of the equation. A further 
simplification may be made by substituting i/^W2i=ilft=maxi- 
mum moment due to transverse load. 

yinax= 4g-^ approximately (66) 

P Vi 

«:nax=^+ (3fi+/Vmax)^appr0X. 

Substituting the value of t/nmx 

Wx=^+^t^V^+j^^;approx. , (66) 

The law of super-position of stresses holds when the last 
term is negligible. 

Equation (66) is best solved by trial. A numerical example 
will illustrate the application of the above equations and the 
elfect of the approximations. 

Assume a column of 2 channels 16 in.X33 lbs. X 360 in. long; 
w=12y2 lbs. per inch ; 7=626 ; ^=19.8 sq. in. £=30,000,000. 
P=180,000 lbs. T7=4,500 lbs. 

Mt=Vs ^^^Vs 4,500X360=202,600 in. lbs. 

d=:\/j^= V 180.000 ,=0.00.^1 

^EI 30,000,000X626 
^^=0.0000096 

y2^L=0.0031 X 180=0.65&=32.°0 
PI? 180,000X360X360 



EI~ 30,000,000X625 



=1.246 
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From equation (63) 

12.5 



0.0000096X180,000 
12.5X0.0236 



(jj,g2_j_ 0558X0658) 



=;:0.17 ii.ches 



O.UU00096.X 180,000 
From equation (64) 

5X4500X360X360X360^, , ^ .c^AK^r, .^ak • 
^-= 384X30,000,000X625 (l+0.1245)=01645m. 

From equation (65) 



y. 



_ 5X202.500X360X360 . 

"" 48X30,000,000X625 "• 

Equations (63) and (64) give practically the same result, 
while equation (65) give a close approximation. 
From equation (66) 

=9100+2750=11,850 lbs. per sq. in. 

Whether or not this is excessive depends upon the column 
formula used. 

The case illustrated in Fig. 147 is of common occurrence in 
practice. 



h 



M,,=P,-^+Pyi 




Pig. 147. 

Considering first the longer segment and proceeding as in 
the case of Fig. 146. 
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y^=Ci sin x-j-Cj cos x- 



Ph 



PL 

since y=0 when x==0, C2=0 and the equation of the elastic line 
becomes 



Similarly 



y=C\ 8in X Yn^ 



yv=Ci sin 9 xi ^ a:i 



(a) 



(ai) 
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To evaluate C^ and C^' we have the conditions t/=yi, when 

x=l^, and Xjj=l^^ and -~=-^ when a?=li and X{=i^. 

Differentiating equations (a) and (aj), imposing the condi- 
tions, eliminating, and reducing 

^~eP9in{iie+if$) ^^ 

Substituting this value in equation (a), differentiating and 

putting -p.=0, that value of x may be found which will make 

y==2/max. The resulting equation is, however, too complicated for 
practical use. Only a slight error will be committed if it is as- 
sumed that the maximum deflection occurs at the same point that 
it does when the longitudinal load is not acting ; and to be on the 
safe side, the maximum moment from transverse load may also 
be taken as coming at this point. Under these assumptions, 

^^ M^ =P, -j^h+Py^^ (67) 



/..„/« 



y=y^^ when x=li\^j^^Jlj===af 

From (a) and (6) 

_ P^( sinUBsindJ ^^ \ /aq\ 

As in the case of Pig. 146, it will usually be found accurate 
enough to neglect that part of the deflection due to P, in which 

case nhk^ fo 1 I ? ^''^ /^n\ 

y-i.. =Pi Q-^ji \^ M-^i j^) approx. (69) 

There is, however, not much difference in the ease with which 
equations (68) and (69) are applied. 

When Pt is in the middle Ji=Zjj=i/^2>=x' and equation (68) 
^"^'"' y^=2^(tonifli-iflL) (70) 

An equation similar to equation (64) may be gotten if 
tan y^fiL is developed according to the formula 

tan ic=a?4-%^'+T^^*+ etc. 

powers higher than the fifth being negligible in ordinary cases. 
Equation (70) becomes 
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Substituting the value of 8 

ThiB equation is similar to equation (64), the first term beinp: 
the deflection due to the transverse load acting alone. 

If the second term in the parenthesis be neglected and 
^PtJ^^^t=niaximum moment due to transverse load, be in- 
troduced 

Vv^Mx = Y2^aPProximate]y (72) 

and 

If the ends are fixed, the deflection will be much smaller, and 
values of ?/max corresponding to the approximate values given 
above are suflSciently accurate. For this case equation (66) for 
uniform load becomes, 

"W =^-hh wUl + j^) ^at the middle (74) 

P i?1 

8^ =-|-+^iy WT-jat the ends (75 ) 

Equation (73) for a single load at the middle becomes 

P Vi 

8,nMx=-j+M,-j-SLi the ends (77) 

If but one end is fixed and the other free to turn, the ap- 
proximate formula corresponding with equation (66) for uniform 
load is 



8^^ =^ ^ WlJ^ at the fixed end (79) 

Equation (73) for a single load at the middle becomes 

««ax=4+A^i(l+I^^7)T at y-ax (80) 

«m*x=^-WVA^ at, the fixed end (81) 
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If the longitudinal forces are eccentric, the moment is in- 
creased or decreased ; the eccentricity is added to or subtracted 
from the maximum deflection as given in the above equations. 

The column load is often made eccentric in order to neutra- 
lize the maximum bending moment due to the transverse load. 
Thus in the case of Pig. 146, it would only be necessary to move 
the forces P downward so that 

Pe=l WL 
the column then being treated «s if it carried a concentric load P, 
On account of the moment Pe being constant throughout the 
whole length of the column, and the moment from the uniform 
load decreasing toward the ends, the column would bend in two 
segments, and a small excess of Pe over % WL would cause the 
column to go over into single flexure— the weakest condition. It 
would be better to make the moment zero at about i^L from the 
ends so that the column would have two points of contra-flexure 
and be bent into three segments, but the end conditions are us- 
ually too uncertain to make this assumption safe. 

If the ends are partly fixed, as they always are in practice, 
it may be impossible to counterbalance the center moment, be- 
cause it may not be practical to have an eccentricity large enough 
to turn the ends sufficiently ; besides, as the center moment de- 
creases, the end moments increase. It might be a question of 
equalizing the end and center moments (see equations (74) and 
(75) ), but the uncertainty of the end conditions would render 
the problem indeterminate.* • 

* See article by Prof. J. E. Boyd, in Eng. News, Vol. 57, pa^ 404. 
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1. A block 15 inches square is subjected to a load of 90,000 
lbs., the resultant of which lies 2 inches from the center, on a line 
through the center parallel to one side. Find the maximum and 
minimum stresses. 

2. In problem 1 where should the load be placed in order 
to have a tensile stress of 100 lbs. per sq. in. on one side? What 
is the maximum compressive stress in this case Y At what points 
is the stress zero 1 

3. A pier 2 ft. square and 6 ft. high is subjected to a direct 
load of 180,000 lbs. at the center and a horizontal force at the 
top. What is the greatest value of this horizontal force in order 
that no part of the pier shall be in tension ? With this force act- 
ing, what is the maximum compressive stress in the pier ? 

4. A cast iron block 4 in. square has its resultant load at 
the middle. Compare its strength with that of a block 4 in.X6 iii- 
with the load 2 in. from a 4 in. face. 

5. A solid steel rod 2 in. in diameter and 5 ft. long is sub- 
jected to a compressive stress of 50,000 lbs. 0.1 in. from the Cjen- 
ter, the ends being pivoted. Find the deflection at the center and 
the maximum unit stress. 

6. A 6 in.X4 in.XV^ in. angle 5 ft. long is used as a column 
with pin ends. Find the total safe load concentrically placed, by 
Euler's formula, with a factor of safety of 5. 

Calculate the safe load of a similar angle 10 ft. long. 

Compare these results with the values obtained from Bankine's 

formula, with constants a^ given in the ''Cambria" handbook. 

7. Find the safe load with a factor of safety of 5, on a 
latticed column made of two 10 in. 20 lb. channels 6 in. back to 
back, toes turned out, ends fixed, and length 20 ft. 

8. Find the safe load on a 12 in. 40 lb. I beam, 16 ft. long 
medium steel used as a column, by Rankine's formula, using the 
constants of the Philadelphia building laws. Solve the same by 
the Straight Line formula of the New York building laws. (See 
''Cambria.") 

9. Find the safe load on a cast iron column 10 ft. long, 8 in. 
outside diameter, 6^^ in. inside diameter, by the New York laws 
and the Philadelphia laws. 

10. Find the safe load on a 10 in. round yellow pine col- 
umn, 12 ft. long with flat ends by the New York formula. 

11. What is the diameter of a solid medium steel rod 5 ft. 
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long, with pivoted ends, which is to carry a concentric load of 
24,000 lbs. ? Solve by the Philadelphia laws. 

12. Select an I beam for a column 12 ft. long, pin ends, 
with a factor of safety of 5, using Rankine's formula with ** Cam- 
bria'' constants. 

13. A 4 in.X4 in. wooden strut, 10 ft. long, lies in a horizon- 
tal position and carries a load of 20 lbs. per ft. of length, and is 
subjected to a direct compression along its axis of 1200 lbs. Find 
the deflection at the center and the maximum unit stress. 
E=l,200,000. 

14. A horizontal compression member with pin ends con- 
sists of two 10 in. 20 lb. channels and two 12 in.X^/^ in. plates. 
The length is 30 ft. and the webs of the channels are vertical. The 
direct compression is 80,000 lbs. and there is a concentrated load 
of 4000 lbs. at the middle. Find the deflection and maximum 
unit stress. 



CHAPTER X. 

ROOF TRUSSES. 

116. Roof Construction. Where trusses are used to 
support the roofs of buildings they are usually spaced from 
10 to 20' ft. apart and receive their load from beams called 
purlins, which rest directly on the top chords of the trusses. 
The roof covering is carried by the purlins. 

The trusses may either rest on walls or on columns at the 
sides of the building. When the trusses are supported on 
masonry walls, provision for the expansion and contraction of 
the trusses -due to temperature changes must be made. Other- 
wise these changes would either crack the walls or produce 
excessive temperature stresses in the trusses. When the trusses 
are supported on columns they are usually fastened rigidly to 
the tops of the columns, and the movements due to tempera- 
ture changes are taken up by the elasticity of the columns, 
producing bending stresses in them. 

The loads from the roof are more or less uniformly dis- 
tributed along the top chords or rafters of the roof trusses, and 
in calculating the stresses in the trusses are assumed to be 
concentrated at the upper panel points as shown in Figs. 50 
and 53. This assumption gives the stresses with sufficient accu- 
racy, but in designing the top chord or rafter the bending due 
to the purlins not coming exactly at the panel points must be 
taken into account. The rafter is usually subjected to both direct 
stress and bending stresses (115). 

117. Truss Elements. The simplest truss is one made 
of three members in the form of a triangle as shown in Fig. 48, 
Art. 50. 

Such a truss can not be deformed without changing the 
length of its members, that is, without inducing stresses in them. 
It is, therefore, a stable structure under loads if properly de- 
signed (2). 

Fig. 148 shows a truss which may be deformed without 
changing the lengths of the sides of the rectangle CDEF, and 
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is, therefore, not a stable structure unless the joints are so con- 
structed as to offer sufficient resistance. In properly constructed 
trusses, it is assumed that the joints do not offer enough resist- 




ance to the small changes of angles between members to affect 
the stresses in them. 

If there were a diagonal member DE (in tension) or CF (in 
compression), the truss would be stable, because it would be 
composed of triangles. Every trusSj therefore, in order to he a 
stable structure, should be an assemblage of triangles. Any de- 
formation of such a truss will be accompanied by axial stresses, 
that is, direct tension and compression. 

118. Types of Roof Trusses. Roof trusses may be 
made in a great variety of forms, varying with the character 
of the building, the clearance requirements and the materials 
of construction. Fig. 149 shows some common t3^es used in 
mill building construction. The lower chords are usually hori- 
zontal. The number of panels depends upon the purlin spacing, 
the span length, and the loads. 

For timber construction, the Howe truss , Fig. 149 (d), or 
the quxidrangular truss, Fig. 149 (h), is best adapted. All of the 
members may be made of timber except the verticals, which 
are made of steel rods with screw ends, nuts, and washers. 

The eight-panel Fink truss, Fig. 149 (/), is by far the com- 
monest in use; it may be made into a sixteen-panel truss by 
subtrussing each panel. 

The triangular truss, Fig. 149 (i), is commonly used for flat 
roofs. 

Stresses in roof trusses are usually gotten graphically, but 
since, for a given pitch of roof, all roof trusses of a certain type 
are similar figures, whatever the span may be, the stresses will 
be proportional to the panel loads. A table of stresses due to 
one-pound panel loads will, therefore, answer for all spans of 
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the same type and pitch by simply multiplying them by the 
panel load. Such tables will be found in many structural 
handbooks. 
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Fig. 149. 



A few of the more unusual types of roof tnisses are shown 
in Fig. 150. Three-hinged arches are frequently used for expo- 
sition buildings, auditoriums, drill halls, etc., where it is de- 
sirable to have a large floor space unobstructed by columns^ 
The scissors truss is used for buildings with steep roofs where 
the trusses are exposed on the interior, such as churches. Here 
the trusses arc usually made of timber except the vertical rod 
in the middle. The cantilever trusses arc used for grand stand 
roofs and sometimes for freight houses where the cantilever 
portion covers the loading platform. 

The saw-tooth roof was invented especially for the weaving 



Art. 118. 



TYPES OF ROOF TRUSSES. 



209 



sheds of the New England mills, buthai come to be used ex- 
tensively for shops of all kii^ds. The steep sides of the trusses 
are placed to face the north, and this side of the roof is made 
of glass. The slope of the steep side is such that the direct rays 
of the sun will not strike the glass. This gives a very light 
interior for the building without the objection of direct sun- 
light. If there is objection to having columns in the building 
at points m and n, a top chord member opq (shown dotted) 





Three Hloffed Arch 



Sclflson Trnas 





':^ ^ ': <fT\ 



OantUerer TmflB 



Saw Tcx>th Roof 



Fig. 150. 



may be put in. This top chord member will be exposed above 
the roof. 

119. Stresses in Roof Trusses. Great refinement is 
not necessary in calculating the stresses in roof trusses, as the 
loads which they have to carry cannot be accurately determined. 
The stresses should usually be calculated for the following con- 
ditions of loading: 

I. Dead Load. 

II. Snow Load on the Whole Roof. 

III. Snow Load on Half the Roof. 

IV. Live Load (if any) . 
V. Wind from the Right. 

VI. Wind from the Left. 

The dead load includes the weight of the structure itself 
with the roof covering and all fixed loads. Zn?^ load would 

be the weight of a traveling crane inside the building and sup- 
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ported by the roof tmsses, or any movable loads which might 
come on the tmsses. 

In adding the stresses found from the above loadings it 
must be borne in mind that the maximum wind and snow could 
not be acting on the same side of the roof at the same time. 
The wind would blow the snow off. 

For the common types of trusses shown in Fig. 149, when 
supported with one end free to move longitudinally, it will be 
found that the combination of dead load and live load, with 
snow over the whol^ roof, will usually give the maximum stresses 
in all the members. 

When the trusses are supported on columns the stresses in 
the trusses due to wind will be influenced by the height of the 
columns and the position of the knee braces which give the 
building lateral stability. Fig. 151 shows two types of trusses 
supported by columns. In order to determine the stresses in 
these trusses graphically, the imaginary members shown dotted 
outside the columns are added and the stresses laid out in the 
usual manner (54). The lower point of the imaginary truss 
which replaces the column should be at the point of contra- 
flexure in the column. If the columns are considered as pin- 
ended at the bottom, this point will be at the bottom. This 
assumption would give the greatest possible stresses in both 
the trusses and the columns. The replacing of the columns by 
the imaginary members will not affect the stresses in the truss. 
The stresses in the columns must be analyzed algebraically (115). 
(See Chapter XIV.) 

The stresses will now be determined for the truss shown 
in Fig. 151 (a) with the data given in Fig. 152. The stress 
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Fig. 151. 



diagrams for dead load and for full snow load are exactly similar 
to that shown in Fig. 53. One diagram will answer for both 
of these, the stresses being proportional to the panel loads. The 
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Panel Load Wind Noraul » SUO^ 
Panel 'Load Dead Load — TSOO^ 
Paael Load Snow » 1600 ^ 

Horisontal Wind at Eave - 10 000* 
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stress diagrams for partial snow load, for live load and for wind 
are shown in Fig. 153. The reactions are usually obtained alge- 
braically. The table below gives a summary of the stresses 
with their combinations, showing the maximum total stress 
in each member. 



SUMMARY OF STRESSES. 
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Dead 
Load. 


Full 
Snow. 
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K. Half. 


L. Hiilf. 


Left. 
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+58.7 
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+ 10.0 


+25.2 


+48.5 


-10.7 


+ 120.7 


+144.0 


4r-21 


+55.4 


+33.2 


+26.8 


+10.0 


+23.2 


+48.5 


-10.7 


+115.4 


+ 140.7 


5-24 


+52.0 


+31.2 


+26. ^' 


+ 10.0 


+21.2 


+29.8 


+ 6.9 


+110.0 


+118.6 
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+48.6 


+29.2 


+26.8 
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+ 19.2 


+29.8 


+ 6.9 


+ 104.6 


+116.2 
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-22.5 


-11.7 


-12.1 


-108.0 


-111.1 
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-45.0 


-27.0 


-24.0 


- 9.0 


-18.0 


-24.2 


+ 7.6 


- 96.0 


-102.2 


14-26 


-30.0 


-18.0 


-15.0 
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- 9.0 


- 2.2 


- 2.2 


- 63.0 


- 56.2 
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+ 6.7 


+ 4.0 
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-15.0 
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-15.0 





- 9.0 


-22.0 


+ 9.8 


- 39.0 


- 62.0 


26-26 


-22.5 


-13.5 


-15.0 





-13.5 


-27.9 


+ 9.8 


- 61.0 


- 66.4 


16-19 

















-35.2 


+36.2 





± 36.2 
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1. What is a truss element? What is a truss? 

2. What assumption with regard to the joints of a truss 
is made in 'calculating the stresses? 

3. Make a sketch of some roof truss in your vicinity, showing 
the manner of attaching the purlins and the points of appli- 
cation of the loads to the truss. Are there any live loads carried 
by the truss? Are the roof loads applied at the panel points? 

4. Consult Kidder's " Architects and Builders' Pocket- 
Book/' and Ketchum's " Stmctural Engineer's Handbook," for 
examples of roof trusses and roof construction. 

5. What are purlins? Rafters? Kneebraces? 

6. In what way do the stresses in a rafter usually differ 
from those in the other members of a roof truss? In a knee 
brace? 

7. What types of trusses are commonly used for steel mill 
buildings? For drill halls? For churches? For timber con- 
struction? For flat roofs? For shops where columns are not 
objectionable? 

8. How may the saw-tooth roof be modified to eliminate 
intermediate columns? 

9. How are the stresses in roof trusses usually determined? 

10. For what different loadings arc the stresses in roof 
trusses calculated? What combinations of these loadings are 
possible? 

11. How is lateral stability secured when the trusses are 
supported on columns? 

12. Determine the stresses in the truss of Fig. 151 (6) 
for the following data: 

Span 60 ft. Depth at center, 12 ft. Depth at eaves, 8 
ft. Height to bottom chord, 20 ft. Dead load panel load, 
10000 lbs. Snow load panel load 5000 lbs. Horizontal wind 
load at eaves, 12000 lbs. 



CHAPTER XI. 

BRIDGE TRUSSES. 

120. Construction. Bridge trusses differ from roof trusses 
in form and in the character of the loads which they have to 
carry. In the past, in America, the principal consideration in 
selecting types of bridge trusses has been economy in first cost. 
Little attention was given to the aesthetic side of the question. 
But recently more thought has been given to this subject, espe- 
cially for bridges in the more thickly populated districts of our 
country. Frequently, a structure of pleasing outline and propor- 
tion can be constructed which will cost no more than some un- 
gainly structure which will forever be an eyesore. 

The primary loads on bridge trusses are moving loads, 
and these cause the stresses in certain members to reverse and 
render certain forms of truss desirable for the usual materials 
of construction. 

The loads on bridge trusses are carried to the panel points 
by the floor joists or stringers, so that in all except a few old 
t3^es now out of date, no loads are appiled to the trusses be- 
tween the panel points. In the truss of Fig. 148, unequal loads 
at D and F are produced in connection with the dead load 
when the live load covers a part of the span. As shown, a 
diagonal member DE would be in tension, but if the load 
Pj were greater than Pj, a diagonal member CF would be 
in tension. 

Members made of eyebars or rods have practically no stiflE- 
ness and can not, therefore, carry any compressive stress. If 
such members are used for the above diagonals, there will be two 
in the panel ; one acts when P^ is the greater load, and the other 
when P2 is the greater. Both diagonals can not be in action at 
the same time and, therefore, the truss Ls always an assemblage 
of triangles. If both diagonals were made stiff members so that 
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they could carry compression, one could not change in length 
without affecting the other, and the stresses would be statically 
indeterminate (42). 

Fig. 154 shows a simple truss supported at both ends. The 
top chord is in compression just as the top flange of a girder, 



Top Chord -• — -* 




Bottom Chord 
— 6 panets 0>p * L ^-« -» 

PRATT TRUSS 

Fig. 164. 

similarly supported, is in compression. In like manner does the 
bottom chord compare with the bottom flange of a girder. The 
web members resist the shear by direct tension and compression, 
the diagonal members being all tension members and the vertical 
members being in compression. The chord members can resist 
no part of the vertical shear since they have no vertical compo- 
nents. If one or both chords were inclined, they would carry a 
part of the shear. The chords resist all of the bending moment. 

Panels are the longitudinal divisions of a truss, formed by 
the web members. 

Panel points Rve the centers of the joints where the web 
members are attached to the chords. 

A panel length is the distance between panel points usually 
measured horizontally. 

CJiord Members are the upper and lower members of a truss. 

A main tie is a web member in tension under full load. For 
a certain position of the live load its stress may reduce to zero. 

A counter tie Ls a diagonal web member in tension under cer- 
tain partial loads only. Counter ties are not necessary in trusses 
carrying dead loads only. If, in Fig. 154, a continuous live load 
moves across the bridge from right to left, it tends to distort the 
rectangle CDdc so bs to produce tension in the main tie, and 
there will be no stress in the counter tie. But if the live load 
moves from the left to the right, the distortion will be in the 
opposite direction until the head of the live load passes a certain 
point in the bridge. This distortion and that due to the dead 



216 CONSTRUCTION. Art. 120. 

load are of opposite kind and may neutralize each other ; in which 
ease there will be no shear in the panel, and no diagonal member 
will be required. If the live load is great enough, compared with 
the dead load, the distortion will become such as to produce ten- 
sion in the counter tie. As the live load moves to the right, the 
stress in the tie decreases and becomes zero; then the stress in 
the counter tie increases, reaches a maximum and decreases to 
zero ; then the stress in the tie increases until the left end of the 
live load stands somewhere in the panel in question. 

No counter ties are required in those panels where there is 
no possibility of a reversal of stress, or where the live load nega- 
tive Hhear i^« always less than the dead load positive shear. 

A counter brace is a diagonal web member capable of taking 
compression and subject to alternating stresses of tension and 
compression (as cD Fig. 167), or subject only to compression 
under partial loading (as the dotted diagonals in Fig. 160). If 
in Fig. 154 the counter tie were omitted and Cd were made a 
compression member, it would be a counter brace, and its stress 
would reverse during the passage of the live load. If the counter 
brace happens to be so attached that it can take no tension, as is 
the case in a Howe Truss (Fig. 160), it gets stress only under 
certain partial loads just as a counter tie does, but the stress is 
of opposite kind. 

It is the custom to use counter ties in some types of trusses, 
and counter braces in otiiers. In some types, counter ties can 
not be used. 

Counter ties are made adjustable in length so that an initial 
stress may be put into them. The initial stress in the counter tie 
produces the same initial stress in the main tie, as is evident if 
the distortion of the panel is considered. Stresses will also be 
induced in the posts and chords of the panel, but no other mem- 
bers of the truss will be effected. These stresses, whose magnetude 
are usually much in doubt, may usually be neglected as the fol- 
lowing consideration will show. Their purpose is to prevent 
ahock when the live load passes over the structure and the stresses 
change from one diagonal to the other in a panel. 

Pig. 154 (6) represents the panel CDdc. "When the counter 
tie cD is shorteiied, the tendency is to deform the panel as shown 
by the dotted lines. This deformation is resisted by the main tie 
and consequently a tensile stress is set up in it. Take a section mn 
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through the panel, and if there are no other stresses in the diago- 
nals than the initial stresses, from % vertical Components=0 we 
have: 

The Vert. Comp. of the initial stress in cD= 

The Vert. Comp. of the initial stress in Cd ; therefore as the 
inclinations of the members are equal, the initial stresses in them 
are equal. 

Now suppose that a load is put on the bridge in such a posi- 
tion that it would produce a tensile stress in cD. This stress would 
elongate cD which would cause the dotted parallelogram to ap- 
proach its original shape of zero stress and thus relieve the 
initial stress in Cd, 

Let the initial stress in the diagonals be represented by T. 
Prom Hooke's Law (11) that stress is proportional to deforma- 
tion, it will require a total stress of 2 T in cD to cause the parallel- 
ogram to resume its original rectangular shape. But when the 
figure is a rectangle, the stress in Cd is zero and, taking the sec- 
tion mn again and S Vert. Comp.=0. 

Vert. Comp. of stress in cD= shear m the panel. 

Therefore when the shear in the panel is sufficient to pro- 
duce a tensile stress in cD equal to twice the initial stress, the ini- 
tial stress in Cd is reduced to zero and all the initial stresses dis- 
appear. Any further increase of stress in cD will further elon- 
gate that diagonal, and consequently buckle the diagonal Cd, as 
neither of the diagonals are capable of taking compression. If 
the stress in cD, due to the load, is less than 2Tl by Hooke/s Law, 
one half is taken up in relieving stress in Cd and the other half 
is added to the initial stress in cD. 

A post or brace is a web member in compression when the 
bridge is fully loaded. When the chords are not parallel, there 
may be tension in some of the intermediate posts and a reversal 
of stress when the live load comes on. Such reversals are un- 
desirable. 

121. Classification ol Trusses. Trusses may be classified 
in many different ways. So far as supports are concerned, they 
may be classified just as solid beams are classified (66). The 
material of which they are made is usually structural steel. Some- 



218 CLASSIFICATION OF TKUSSES. Art. 121. 

times they are made of timber or a combination of timber and 
iron. Otherwise they may be classified as follows: 
As to uses. 

Bridge trusses. 
Roof trusses. 
Cranes. 
As to connections at the joints. 
Pin-connected trusses. 
Riveted trusses. 
As to chords. 

Trusses with parallel chords. 
Trusses with inclined chords. 
Aj3 to web bracing. 

Trusses with triangular web bracing. 
Trusses with quadrangular web bracing. 
Trusses with sub-trussed web bracing. 
Trusses with sub-divided web bracing. 
Trusses with multiple systems of web bracing. 
Trusses with combined systems of web bracing. 
When a bridge truss is deep enough to permit overhead brac- 
ing between trusses, it is called a high truss, A low truss is not 
deep enough to permit overhead bracing and is often called a 
pony truss. (Figs. 165 and 166.) 

When the trusses of a bridge support the floor near the lower 
chord, the bridge is a through bridge] if the floor is supported 
'near the upper chord, it is a deck bridge; and if between the 
chords, it is a half-deck bridge. 

Figs. 155 to 174 show bridge trusses of various types. 
These are explained below in detail. In these figures, heavy 
lines denote compression members; light lines, tension mem- 
bers; heavy dotted lines, counter braces; and light dotted 
lines, counter ties. 

Any type of truss may, in general, be modified so as to be 
supported at the top or bottom chord, and may carry loads at 
both chords. 

122. Bridge Trusses Now Out of Date. Some notable 
wooden bridges were built in this country late in the eighteenth 
and early in the nineteenth century. The building of iron 
bridges began in 1840, the compression members being of cast 
iron and the tension members of wrought iron. About 1863 the 
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first bridge haviug all members of wrought iron was built, and 
cast iron was gradually abandoned. About 1870 steel began to 
be used, and wrought iron went >out of use about 1890.* 

The early bridge builders were very successful in view of the 
fact that they knew nothing about stresses in trusses. To Mr. 
Squire Whipple belongs the credit of having first analyzed the 
stresses in a truss. In a small book which is published at Utica, 
New York, in 1847, he gave the correct analysis of bridge stresses 
and the details of design for a Wipple truss bridge (Pig. 159). 
In this design, pin connections were first introduced. Mr. Whip- 
ple not only gave, in his small book, much sound theory and good 
practice, but built many bridges of the Whipple and bow-string 
types. 

The following are the most important of the older types of 
trusses; for others, and for an account of the evolution of the 
modern truss, reference should be made to the works cited in the 
foot note below. 




BOLLMAl^ TRUSS 

Fig. 155. 

Fig. 155 shows the Bollman truss, which was patented about 
1850 and introduced as an **iron suspension truss bridge/' Each 






r/NK TRUSS 

Pig. 156. 



^For bistorical data concerning American bridge building, see a 
paper by C. C. Sclineider, Pres. Am. Soc. C. E., in the Engineering 
Record, Vol. LI, p. 707. Also see paper by Theo. Cooper, M. Am. Soc. 
C. B., in Trans. Am. Soc. C. E., Vol. XXI, p. 1; Johnson's Modern 
learned Structures Chapt. I, and Merrim^an and Jaooby's Jioofa and 
Bridges^ Part I, Chapter V, sixth Edition. 



220 



BRIDGE TRUSSES NOW OUT OP DATE. Art. 122. 



panel load is sf parately suspended by ties running to the sup- 
ports. There is no bottom chord and the diagonal members shown 
^dotted take no calculable stress but serve to stiffen the truss. 

The Fink U^uss was introduced about the same time as the 
Bollman. It was invented by Albert Fink, an assistant engineer 
on the Baltimore & Ohio Railroad. Fig. 156 shows the principle 
upon which this truss was built. The path of each panel load is 
easily followed; only the middle panel load is carried directly to' 
the supports ; parts of the other panel loads also go over the same 
path. For long spans, the truss was usually built so that about 
half of the posts were of the same length. The Fink truss neces- 
sarily had an even number of panels. The stresses may be easily 
calculated. 




BOIVSTRING TRUSS 

Fig. 157. 



In 1840 Mr. Squire Whipple built his first iron bridge and 
it was of the how-string type (Fig. 157). He pointed out the 
(Economic advantages of this style of truss in the book referred 
to above. Since the bending moment decreases towards the ends, 
the chord stresses may be made constant by varying the depth 
in a certain way. The upper and end panel points were usually 
made to lie on a parabola, in which case, with full load, there is 
no stress in the diagonal web members, and the stress in each 
chord is the same throughout; the vertical members are in ten- 
sion, each carrying a panel load to the top chord, which acts like 
an arch whose horizontal thrust is taken by the bottom chord. In 
this case all diagonal web members are counter ties and, for par- 
tial loading, the verticals are in compression. 

If the upper joints lie above a parabola through the ends, 
the counter ties will be as shown in Fig. 157; if they lie below, 
the ties and counter ties will have the reverse directions. 

The stresses in a bowstring truss are easily calculated. Under 
full load, and with a parabolic truss, the upper chord resists all 
the shear in each panel. It is to be noted that the tie and counter 
tie, in a panel, do not have the same inclination. 
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Many bridges with bowstring trusses of short span were 
built. In modern bridges, the curved top chord is used only for 
long spans and only the intermediate panel points are located on 
the curve, the end posts being given a steeper inclination than 
in the bowstring truss. 

A few double-bowstring or lenticular trusses have been built 
in this country. In this type, both the upper and lower panel 
points are on curves. A notable example is the Smithfield Street 
bridge over the Monongahela River at Pittsburgh, consisting of 
two spans of 360 feet each. 




^OST TRUSS 
FJg. 158. 

Mr. S. S. Post invented a bridge in which the trusses were 
of the style shown in Fig. 158. In 1865 he built the first iron 
btidge of this type, the top chord being of cast iron. 

The Post truss has a double system of web bracing. The 
braces have a horizontal projection of one half panel length, and 
the main ties (except the end ones) of a panel and a half. It 
was built with a counter tie in each panel. The stresses are stati- 
cally indeterminate. For full load, the two systems may be as- 
sumed to act independently, but for partial loads, the counter 
tics on one side of the middle act ns a single system, while the 
main ties on the other side act as a double system. 




WHIPPLE TRUSS 

Fig. 159. 

In 1852-3 Mr. Squire Whipple built the first Whipple-truss 
bridge on the Rensselaer and Saratoga Railroad. It was replaced 
in 1883 because it was designed for a much smaller load than it 
was then carrying. 
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The Whipple truss (Fig. 159) is called a double intersection 
truss because it has two systems of web bracing. It is a combina- 
tion of two Pratt trusses (Fig. 161) with common chords. The 
object was to avoid long panels and the consequent expensive 
floor system, and at the same time, to have an economic inclina- 
tion for the diagonal web members. It was used for long spans 
and many examples of it are still to be seen, particularly in high- 
way bridges. It was displaced by the Baltimore type of truss. 
See Figs. 163 and 164. 

The stresses are statically indeterminate, but it is the practice 
to assume that the two systems act independently, the chord 
stresses being added together (134). The division into two sys- 
tems is not the same for partial loading as for full loading, and 
certain ambigtiities arise. Since about 1890 very few Whipple 
trusses have been built. The simpler trusses, whose stresses are 
statically determinate, are preferred by most engineers. 

All of the preceding trusses were of the pin-connected type 
although, usually, there were some joints with special detaiLs. 
The eyebar was not introduced until 1861. 

123. Modern Bridge Trusses. The Howe iruss was pat- 
ented by William Howe in 1840. This truss has been used exten- 
sively, particularly in the first construction of railways. It is 
still being used in sections of the country where timber is cheap 
and economy in first cost is important. Many Howe truss bridges 
have been replaced by steel bridges. 

In the Howe truss the diagonal members are in compression 
and the vertical members in tension. (See Fig. 160.) All mem- 
bers except the vertical tension members are made of timber. The 




//^/^f Tffl/SS 

Pig. 160. 

vertical tension members are wrought iron rods with screw ends; 
their use, with cast iron angle blocks at the joints, against which 
the diagonal members abut, permits simple and satisfactory de- 
tails with the minimum amount of metal. The main diagonals 



Art. 123. 



MODERN BRIDGE TRUSSES. 



223 



are made of two sticks of timber between which the counter 
braces pass. The chords are made of uniform section throughout 
the length of the bridge. The panels are short and the loaded 
chord is made deeper than the other chord, because it carries the 
floor and acts as a beam in addition to taking the direct stress. 
Counter braces are used in each panel. 

The Howe truss bridge is sometimes called a combination 
bridge, but this designation belongs more properly to those 
bridges in which all tension members are made of iron or steel.* 

The Pratt truss, which is shown with inclined end posts in 
Pig. 161 and with vertical end posts in Fig. 154, was patented 




PRATT TRUSS 
Fig. 161. 

in 1844. It differs from the Howe truss in that the main diagonal 
members have an opposite inclination and are, therefore, in ten- 
sion while the vertical members (except the suspenders) are in 
compression. At first, only the ties were made of iron, and it 
was not popular on account of requiring more of this expensive 
material than the Howe truss. The compression members are 
shorter than in the Howe truss and, therefore, require less mater- 
ial, but this was unimportant until iron bridges were introduced. 
On account of its simplicity, the Pratt truss has become by far 
the commonest type of bridge truss in this country. Its charac- 
teristic is diagonal tension and vertical compression ;nembers. 

As the stress in the top chord increases toward the middle, 
and since it is made of the same outer dimensions in each panels 
it becomes difficult, in long spans, for several practical reasons, to 
avoid an excess of material in the end panels, unless the depth of 
the truss varies, so as to make the stresses in the panels more 
nearly equal. Fig. 162 shows a form often used and is commonly 
called a camel-back truss. The appearance is much enhanced if 
all the joints of the top chord are put on a regular curve. 



^For details of modem- Howe truss bridges, see Jobnson's Modern 
learned Struciuret, Chapter XXIII. 
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The web bracing may be of cither the Warren or the Pratt 




Fig. 162. 

As the span increases, economic construction requires the 
depth of the truss to increase. The panel length must also in- 
crease if an economical inclination of the diagonal members is to 
be had; but there is a limit also to the panel length. This diffi- 
culty was avoided in the Whipple truss by running the diagonals 
over two panels. The same object is accomplished by putting a 
sub-truss in each panel of a Pratt truss to carry every other panel 
load to the main truss. 

This forms the Baltimore truss which was introduced in 1871. 
CFig. 163.) It is a sub-trussed Pratt truss in which the stresses 
are statically determinate. 




BALTIMORE TRUSS 

Fig. 163. 

As in the case of the Pratt truss, it is economical to have a 
curved upper chord for very long spans as shown in Fig. 164, and 
then it is called the Pettit truss. 
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Fig. 164. 
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In cither case the sub-trussing may be of the style shown in 
Fig. 163 or in Fig. 164, and other members may be introduced 
t imply to hold the compression membei-s at the middle. 

The two panels at each end are sometimes made as in Fig. 162 
in order that the end posts may not have such a flat inclination; 
this makes a combination of Pratt and Baltimore web bracing. 

For short-span highway bridges, the Pratt truss is often 
modified as shown in Fig. 165. This truss is frequently made 
with end posts having an inclination of 45 degrees ; when the end 
panels of the top chord are half as long as the intermediate pan- 
els, it is called a half-hip trttss. 




•5 panels 0>p«L 



HALF H/P PRATT TRUSS 

Fig. 165. 

Fig. 165 shows a triangular or Warren iniss. The use of this 
style of triangular truss is now confined mostly to small highway 




WARREN OR TRIANGULAR TRUSS 

Fig. 166. 



J 



bridges with floor beams attached below the bottom chord. For 
longer spans, the sub-divided Warren truss, as shown in Fig. 167, 
ia used, and the floor beams are attached to the vertical members 
above the bottom chord. The suspender evidently carries a single 
panel load. The other vertical members carry no stress above the 
floor-beams except that p&rt of the dead load which acts at the 
upper joints. 
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SUB-D/y/DED WARREN TRUSS 

Fig. 167. 

In the "Warren truss the compression members of the web are 
longer than in the Pratt truss, and some of them are subject to 
alternating stresses of tension and compression. These disadvan- 
tages lose their importance, however, when the number of panels 
is small, as there are but few such members (see Fig. 167). The 
usual limit of span for this style of truss is about 150 feet. 

While multifile intersection trusses are not in general favor, 
multiple intersection Warren trusses are used on several lines of 
railways on account of the severe treatment they will stand, with- 
out actual collapse, in cases of derailment. Fig. 168 shows a 




DOUBLE INTERSECTION WARREN TRUSS 

Fig. 168. 

double intersection Warren truss; this is sometimes sub-trussed 
by inserting short suspenders from the intersections of the diag- 
onals to the lower chord. The stresses are calculated upon the 
assumption that the two systems act independently (135.) 

Fig. 169 shows a combination of four trusses with the neces- 
sary modifications at the ends to allow inclined end posts. The 
four systems are assumed to act independently. 

The term " lattice girder " is commonly applied to either the 
single or multiple intersection Warren truss when the connections 
are riveted; but it would be more appropriate to designate 
trusses, with more than two systems of web bracing, as lattice 
trusses. In such trusses — ^when the web members are connected 
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QC//iPRUPLE INTERSECTION WARREN TRUSS 



Pig. 169, 

together at their intersections—it is usually assumed that the web 
members, cut by any cross section, take cciual amounts of the 
shear. 

The Town lattice truss bridge was patented in 1820 and was 
built entirely of wood. Bridges of this type are still to be seen 
in this country. 

Very few Warren trusses are built with pin connections, and 
few Pratt trusses with riveted connections. Riveted Pratt trusses 
are used for low trusses in which the number of panels exceeds 
from six to eight. Baltimore and Pettit trusses are nearly 
always built with pin connections. In general, pin connections 
are used in bridges of long span in which the dead load is large 
compared with the live load, and riveted connections in bridges 
of short span. 

124. Special Types of Bridge Trusses. The cantilever 
truss is used in bridges of long .span, and particularly for those 
which it is not practical to erect on falsework. Bridges of this 
tjrpe are combinations of simple trusses supported at their ends 
and of cantilever trusts, and these may have any style of web 
bracing. Pig. 170 shows a common arrangement for a deck struc- 
ture. The shore spans are usually erected on falsework and the 
rest of the bridge is built out from the two ends (by means of 
over-hanging travelers) in two cantilevers to meet at the middle 
of the suspended span. The members of the lower chord, shown 
dotted, are so made that the stress in them may be relieved. The 
final arrangement is such that the suspended span DE is freely 
supported by the cantilever arms CD an^l EF, 

The bridge is, of course, made symmetrical when possible. 
Two ^ther arrangements of €ipans are indicated diagramatically 
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in Fig. 170. A fixed panel may take the place of a fixed span 
when conditions demand. There may be either an anchor 
span or a simple span at the end of the bridge, but it is usually 
not wise to have a cantilever arm at the end, since it must be 
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free to deflect upward and downward and this may interfere with 
the traffic. 

The cantilever bridge now being built over the St. Lawrence 
River near Quebec, Canada, will have a channel span of 1800 
ft., which will be the longest span in the world. The suspended 
span of this bridge is 640 ft. long and when completed will be 
one of the longest simple spans yet built. The Municipal Bridge 
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Fig. 171. The Quebec Bridge. 

over the Mississippi River at St. Louis contains simple trusses 
with a span of 668 ft., and the bridge over the Ohio River at 
Metropolis, 111., for the C. B. & Q. R. R., which is now under 
construction, will contain a simple span of 723 ft. All of these 
long simple spans have trusses of the Pettit type. Fig. 171 
shows the outline of the trusses of the Quebec bridge. The web 
bracing of the cantilever and anchor arms is called the " K " 
type. It is statically determinate. 

The cantiTever bridge over the Firth of Forth, in Scotland, 
has two spans of 1710 ft. each; these are the longest now in 
existence. 
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The Wabash Railroad bridge over the Monongahela River, at 
Pittsburgh, is a cantilever bridge having a channel span of 
812 ft. 

The longest span of the cantilever bridge at Memphis, Tenn., 
is 790 ft. There are numerous other examples of this type of 
construction in this country. 

Many different styles of swirig-bridge triLSses have been 
built; the type now in common use is shown in Fig. 172. In long 
spans, some of the panels may be sub-trussed. The form is 
that of two simple spans hung from a central tower. When 
the draw is open, the truss is simply a double cantilever. When 
the draw is closed and the ends are raised so that there will 
be no stress in the top chord at the tower, the truss consists of 
two simple spans. For any intermediate end conditions, the 




SI4^JA/0 &R/DGE TRUSS 
Fig. 172. 

truss is continuous over four supports. It is evident that there 
will be many members subject to reversals of stress. 

This style of truss is usually made partially continuous by 
putting bracing in the tower panel so light that it carries practi- 
cally no shear. 

In place of the tower a single post is used for short spans, 
making the truss a two-span continuous truss. 

The stresses in continuous trusses are statically indeter- 
minate, but the assumption that the moment of inertia of the 
truss is constant (97) is usually made in calculating the stresses 
in swing bridges. This assumption of course is not strictly 

true. 

Swing bridge trusses are very seldom built with pin connec- 
tions at all joints, but are either riveted or partly riveted and 
partly pin-connected. 

Arches differ from the trusses described above in that they 
have inclined reactions for vertical loads (Fig. 40). The abut- 
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ments must be capable of resisting a horizontal thrust or else 
the feet of the arch must be held by a tie between them (Fig. 
150 (a)). 

Figs. 173 and 174 show three-hinged arches; there is a 
hinge at each support and one at the crown. The arch of Fig. 
173 is called a spandrd-braced arch; the bottom chord may be 
conceived to be an arch which is braced by the trussing. If 
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BRACED ARCH 

Fig. 173. 

the arch is parabolic there will be no stress in the top chord 
or diagonal members, provided there is a full and symmetrical 
load; the trussing is stressed under partial load. In Fig. 174, 
the arch consists of two trusses set up against each other, the 
loads being applied, through posts, at the upper joints. Arches 
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THREE HINGED ARCH 

Fig. 174. 



of this kind are of many different styles, and plate girders are 
often used in place of the trusses. 

Arches are also built without hinges and with only two 
hinges, but for these the reactions are statically indeterminate. 
Stresses in arches with hinges are calculated upon the assumption 
that there is no friction at the hinges. The reactions and stresses 
for a three-hinged arch, being statically determinate, their deter- 
mination offers no difficulties to one familiar with the applica- 
tion of the laws of equilibrium (46). 
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The three-hinged arch is so built that the crown is free to 
move up and down with changes in temperature. In the other 
kinds, changes of temperature induce stresses in the arch. 

The trusses used in suspension bridges are simply stiffenin;; 
trusses, suspended from the cables, and prevent excessive deflec- 
tions of them. The cables themselves are sometimes trussed to 
stiffen them. 
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L Name two tjrpes of trusses that usually have two diag- 
onals in at least some of the panels. 

2. What causes a reversal of stress in some members of a 
truss? Can the stresses in any of the chord membera of a truss 
simply supported at the ends ever reverse? In what kind of a 
truss may there be a reversal of stresses in the chords? 

3. If the stress in a counter tie is 25000 lbs. when there is 
no initial stress, what will it be when the initial stress is 10000 
lbs.? What when the initial stress is 15000 lbs.? 

4. What types of trusses are best adapted to construction 
in wood? 

5. Classify the trusses illustrated in the preceding chapter 
as to web bracing. 

6. When was the first book on stresses in trusses published? 

7. What was the development of bridge building as to 
materials used? 

8. Why did each type of truss mentioned in Art. 122 go 
out of use? 

9. What are the economic reasons for using trusses with 
curved chords for the longest spans only? 

10. What types of trusses are commonly made with riveted 
connections and what with pin connections? 

11. Does the cantilever bridge have any advantage over a 
series of simple spans so far as the substructure is concerned? 
For a series of equal spans; what is the advantage of the simple 
trusses over the cantilever trusses? 

12. What kind of trusses are used in the Queensboro 
bridge over the East River in New York? 

13. What traffic is provided for in the plans of the canti- 
lever bridge over the St. Lawrence River near Quebec? 

14. What are the two arch bridges over the Niagara River^ 
What are the lengths of their spans? What the number of 
hinges? 



CHAPTER XII. 

STRESSES IN SIMPLE BRIDGE TRUSSES FROM UNIFORM 

LOADS. 

125. Dead Loads for Bridges. The dead load con- 
sists of the weight of the structure itself. It is estimated by 
comparison with similar structures which have been built or 
from empirical formulas. The dead load is usually assumed to 
be uniformly distributed over the length of the bridge. In a 
simple bridge truss (one supported at its ends), the chord mem- 
bers increase in weight toward the middle, while the web mem- 
bers increase toward the ends. The weight of the floor and 
floor system is uniform longitudinally except the weight of the 
floor beams, which is concentrated at the panel points. The 
wind bracing increases in weight toward the ends. Thus it is 
seen that the assumption of uniform load for the dead load is 
not far wrong. The construction reduces the entire dead load 
to concentrated loads at t^e panel points of the trusses, and 
the assumption of its uniform distribution makes these panel 
loads equal when the panels are equal. 

The dead load is estimated in two parts, the weight of the 
floor and the weight of the steel work. The jloor as here con- 
sidered does not include any of the supporting steel work. For 
ordinary railroad bridges it includes the rails, ties, guard-rails 
and their fastenings, and the steel work consists of the weight of 
the trusses, the floor system and the bracing between the trusses. 
The floor system consists of the stringers supporting the ties, 
and the floor beams supporting the stringers. The floor beams 
are usually riveted to the posts. For unusual constructions and 
for highiDay bridges the weight of the floor may be easily cal- 
culated. 

The weight of all the steel work must be estimated from 
a similar bridge whose weight is known. For ordinary bridges 
of a given type and loading, an empirical formula of the form 
w=aL+b is often used for estimating the weight of the steel 
work per foot of bridge. L is the span length and a and b are 
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constants which vary with the style of bridge, the loading, the 
specifications, etc. 

In highway bridges^ the dead load consists of the floor and 
its support, the joists, the car tracks (if any), handrailing, and 
the remainder of the steel work. Ordinary country highway 
bridges have plank floors, the planks being laid transversely on 
longitudinal beams called joists, placed two to three feet apart. 
The joists rest on transverse beams called floor beams, which 
are suspended from the trusses at the panel points or riveted 
to the posts. City bridges frequently have paved floors, the 
paving being supported by the joists through the means of 
buckl« plates, reinforced concrete slabs, brick or concrete arches, 
etc. The floor being designed first, its weight may be calcu- 
lated. The weight of the floor beams, trusses and bracing is 
estimated from a similar bridge or by means of an empirical 
formula. 

The 'panel load for dead load is equal to the uniform dead 
load per foot per truss multiplied by the panel length. In pony 
trusses (121) this may be considered as all applied at the lower 
or loaded chord panel points, but when horizontal bracing is 
used in the plane of both chords the dead load should be divided 
between them. It is sometimes assumed that two-thirds of the 
dead load acts at the " loaded chord " and one-third at the 
" unloaded chord." 

After all the stresses are calculated and the design is fin- 
ished, a careful estimate of the weight should be made from the 
design. If the total suspended weight differs materially from 
the dead load assumed in the original calculations, the stresses 
and the design should be revised. 

126. Live Loads. For railway bridges the live load is 
usually specified as a series of wheel loads representing two 
locomotives, followed by a uniform train load (see Chapter XIII), 
but an " equivalent uniform live load " is sometimes used (142). 
For highway bridges both concentrated and uniform moving loads 
are usually specified. * The loads for which to design highway 
bridges are not nearly so definite as those for railway bridges. 
The floor system is usually designed for a road roller or traction 
engine and the trusses for a uniform moving load per foot. The 

^Sce Cooper's General Specificatioiu for Steel Highway Bridges and 
ViaducU, 
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loads are generally taken in strict aecordaiKre with some stand- 
ard specification. 

Uniform loads are taken of indefinite length, and as ad- 
vancing from either end of the bridge until the whole bridge 
is covered. As in the case of the dead load, the construction 
converts the uniform load into panel loads concentrated at the 
panel points of the loaded chord. 

127. Qeneral Considerations Regarding Stresses in 
Simple Trusses. The methods of Chapters IV and V are 
adequate for the determination of stresses in any statically 
determinate truss (42), but it will be advisable to consider the 
common forms of trusses more in detail, and particularly with 
regard to live load and maximum stresses. No new methods 
are introduced, although the simplicity of some of the trusses 
may make old methods seem new. 

The object is to find the maximum stress in each member and 
if a reversal of stress is possible, both the maximum tensile and 
maximum compressive stresses are to be found.* (28). 

It is as simple a matter to find live load stresses as to find 
dead load stresses, but first the proper position of the live load 
must be known, which will produce the maximum stress in each 
member, and for those members which are subject to a reversal 
of stress, two positions of the live load mu^t be determined. 

With uniform loads, the maximum panel loads will be equal 
for a symmetrical truss having equal panel lengths, and the 
maximum stress in any member will be equal to that in the 
member which is symmetrically located with it, with regard to 
the center line of the truss ; in other words, the maximum stresses 
will bo the same on both sides of the center line. It follows that 
only half the stresses need be calculated. It is customary and 
convenient to assume that the live load advances from right to 
left and to find (in those members subject to a reversal of stress) 
the maximum stress of one kind to the left of the center line of 
the truss, and the maximum stresses of the opposite kind (counter 
stresses) to the right of the center. This procedure avoids turn- 
ing the live load around so as to advance from left to right. 



*A few specifications also require minimum stresses, and, in this case, 
it must be remembered that the dead load stress is not always the minimum 
stress; the stress in a main tie, for example, may be zero. 
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For a partial live load, there miist necessarily be some partial 
panel loads ; for, if the head of the uniform live load is at a panel 
pointy the live load at that point is V^P, and if it extends into the 
panel, the panel load ahead will be less than y^V and the one be- 
hind, less than P. It is an easy matter to let the head of the load 
extend into the panel a distance x, write an equation for the 
shear or moment whose maximum is desired, in terms of «, and 
then to find the derivative of the shear or moment with respect to 
x; placing this equal to zero, the value of x which will give the 
desired maximum is found. ^ This, however, is a useless re- 
finement, as the actual loads are not uniform and the true 
stresses may vary greatly from those found by the use of the 
uniform live load. It is always assumed (and this assumption 
is on the safe side) that the live load is added a full panel load 
at a time. The partial panel load ahead is neglected. We have 
then to deal with full panel loads only, for both dead load and 
live load. The dead load, of course, always acts as a fuU load 
over the entire bridge, but when the live load is considered, it 
will be necessary to deal with partial loads as well as with full 
load. 

It is sometimes convenient to calculate the stresses in a 
truss for unit panel loads. The stresses for any other panel 
load may then be gotten by proportion on the slide rule. In the 
same way trusses may be gotten for a similar truss of different 
dimensions, if all the angles between members are the same. 
This is apparent, if it is remembered that, for any particular 
loading, the stress diagrams made for different panel loads will 
be similar figures. 

In tnisses with parallel chords, it is more convenient to 
write the stresses first, for the unit panel loads, in terms of func- 
tions of the angle of inclination of the diagonal members with 
the vertical, because these may be written by inspection and errors 
are less liable to occur. Thus if the stress in a diagonal mem- 
ber is 4\P sec Of 4^ is called the coefficient of stress for this 
particular member, while P sec ^ is the same for all diagonals. 

The algebraic methods of getting stresses are usually pre- 
ferred, particularly for trusses with parallel chords. If a stress 
is determined by considering some joint, that joint should be 
chosen at which the determination is the simplest. When the 



» Sec Johnson's Modem Framed SlructureSj Ninth Edition, Part I, Art. 82. 
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method of sections is simpler than the other method, for any- 
particular stress, it should be used. Involved numerical work 
should be avoided in order to reduce the probability of error (40) . 
Some general principles will be deduced which will determine 
positions of live load for maximum stresses in certain simple 
trusses; but it should be remembered that the simplest way of 
finding maximum live load stresses, and one which is applicable 
to any case, is to calculate all stresses for each panel load sepa- 
rately and then to make combinations of stresses from such panel 
loads as may reasonably be supposed to act at the same time. 
If certain panel loads produce compressive stresses in a mem- 
ber, and all of the others produce tensile stresses, the sum of 
the former gives the maximum compressive stress and the 
sum of the latter the maximum tensile stress. The following 




V h k 



—J5 panels at 20^-/£0^^' 

Fig. 175. . 



example applied to the web members of the truss of Fig. 175 
will illustrate this. 

The stresses are to be found for a dead load of 300 lbs. and 
a Kve load of 800 lbs. per lineal foot of truss. 

Dead load panel load==300X20= 6000 lbs. 
Live load panel load=800X 20=16000 lbs. 

The dead load is, of course, a full load, there being five panel 
loads of 6000 lbs. each, which, for the sake of simplicity, are aa- 
fiiuned to act, all at the lower joints. 

Dead load stresses. 

«i=«2=2V2X6,000=15,000 lbs. 
Sect. 1-1. J!>i=2?i sec. 45°. Z>i=15,000X 1.414^21,200 lbs. 

Sect. 2-2. D^=(R^-P^) sec. 45°. D^= 9,000X1.414=12,700 lbs. 
Sect. 3-3. i>5=(/?i-P5-PJsec.45°. 

D^= 3,000X1.414= 4,200 lbs. 
Since the shear acts upward on the left of each section, D^ 
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and D, must be in compression and Z), in tension. On aeeonnt 
of the symmetry, Dj=D^, D^=^D^, D^=D^. 

Live load stressea. If P^, P,, and P, are considered separ- 
ately, the stresses due to P^ and P, may be gotten by inspection 
because each load is equal to 16,000 lbs., and P^, for example, will 
produce the same stress mD^sBP^ produces in D^. 
Stresses for Pi=16,000 lbs. 

R^=% of 16,000=2,670 lbs. R^=^i of 16,000 = 13,330 lbs. 
Sect. 1-1. I>i=«i sec. 45^=2670X1.414=3780 lbs. 

+Di=— Z>j=+7>3=— J!>^=+D5 since the shear that 

each must carry is the same and since the shear is up in 

each panel, the signs alternate as the directions of the 

diagonals alternate. 
Sect. 6-6. Z>o=K2 sec. 45°=13,330Xl.414=18,850 lbs. 

Stresses for P2=16,000 lbs. 
Sect. 1-1. n^= i of 16,000=5,330 lbs. 

B^f of 16,000=10,670 lbs. 

Dy=R^ sec. 45^=5,330X1.414=7,550 lbs. 

+Z>,=-Z>^+Z>3=-D, 
Sect. 6-6. I>e=B2 sec. 45°=10,670Xl.414=15,100 lbs. 

Stresses for P3=16,000 lbs. 

R^=y2 of 16,000=8,000=Bj. 

2>,=Bi sec. 45^=8,000X1.414=11,310 lbs. 

+D,=+Z>«=-7>^-Z>,=+i>,=+Z>,. 
For Pj the stresses are symmetrical. 
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Collecting the above results in the table on p. 238, carefully 
noting the signs, the resultant maximum stresses are found : they 
are synmietrical. The stresses for Di jvre all compressive. The stress 
in Z>2 is tensile except for load Pg ; the maximum tensile stress in 
D^ occurs when the live load extends from the right support into 
the panel of -Dz* There can be no compressive stress in Z>2 because 
P5 is the only load producing compression and its stress is less 
than the dead load tensile stress: the minimum stress is— 12.7+ 
3.8=— 8.9. The maximum compressive stress in D^ occurs when 
the live load extends from the right support into the panel of Dj, 
and the maximum tensile stress for the complementary loading. 
In the second case the live loads P^ and P5 produce 7.6-[-3.8=11.4 
tension ; the dead load compression being less than this, the result- 
ant IS 11.4—4.2=7.2 tension. Z>3 is a counterbrace. 

Since the stresses in D^ and Dr are the same and likewise in 
2>3 and D^, the stresses of one kind may be found on the right of 
the center and those of the other kind on the left. According to 
the above table, P^ should act for a maximum compression or a 
minimum tension in D2; P5 and P4 should act for a maximum 
tension in Z),; P^, Pj, and P3 should act for a maximum compres- 
sion in 7)3 ; P^, P2, Pg, and P4 should act for a maximum tension 
ip -Dj ? *^<1 fill loa<is should act for a maximum in D^. The gen- 
eral rule, for position of live load, is quite similar to that for a 
solid beam (102). 

128. Position of Live Load for Maximum Cliord Stresses. 

Any load on a truss, supported at its two ends, will bend it down- 
ward, thus producing positive bending moment at any section. 
It follows that, in order to have a maximum bending moment at 
any joint of a truss, as much load as possible should be on^ there 
should be a full load, for live load. This rule is the same as for a 
solid beam (102). Now since the stress in any chord member is a 
maximum when the moment at a joint is a maximum, there must 
be a full load for any chord stress. 

If the truss bends downward it is apparent that the top chord 
must be in compression and the bottom chord in tension. If in 
the example of the previous article, the chord stresses had been 
calculated, it would have been found that each panel load pro- 
duces stress of the same kind in each chord. 

Of course, the above rule can not be applied to continuous 
trusses, cantilever trusses, and trusses with inclined reactions 
like the three-hinged arch. 
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The above rule may also be deduced by the following simple 
analysis. In Fig. 176 (a) consider the chord member U^. Taking 
the section 3-3, the center of moments will be at d. Consider the 





Fig. 176. 

part to the left of the section as in Fig. 176 (6), and let R^ be the 
reaction due to any load on the right of the panel cd. Since there 
are no loads on the part under consideration, and since the mo- 
ments of i>8 find -^8 are each zero, the moment of B^ about d must 
equal the moment of U^ about d. Since the former is clockwise, 
the latter must be anti-clockwise, that is, V^ acts in the direction 
shown which makes it compression. 

In like manner let J?2 ^^ ^^^ reaction for any load on the left 
of the panel cd and it will be the only external force acting on 
the part to the right of the section as shown in Fig. 176 (c). Since 
the moment of R^ about d is counter-clockwise, that of U^ must 
be clockwise and 17., must act in the direction shown which makes 
it compression again. It follows that any and all loads produce 
compression in t/g, and for a maximum all should act, that is, 
there should be a full live load. This is true no matter how much 
shear the chord carries. There can be no reversal of chord 
stresses and the live and dead load stresses are of the same sign, 
since both are calculated for full load they are proportional to 
the loads, and live load chord stresses may be taken from the dead 
load stresses by means of the slide rule. 

It has been shown that there are vertical and horizontal 
shearing stresses, and bending stresses in a solid beam ; that the 
vertical shearing stresses resist the shear, the bending stresses 
resist the bending moment, and the horizontal shearing stresses 
produce the increment of the bending moment (75). In a Pratt 
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truss (see Fig. 58, Art. 59), the vertical component of the diago- 
nal in a panel corresponds with the vertical shearing stresses of 
the solid beam; the horizontal component corresponds with the 
horizontal shearing stresses; the increments of chord stress to- 
ward the center, produced by the diagonals at the joints, corres- 
pond with the increments of the bending stress; and the chord 
stresses correspond with the resultants of the bending stresses. In 
Fig. 58, section rs, 11^=1^=33,300 lbs. is the couple which forms 
the moment of resistance. 

In a truss with inclined chords, the horizontal components 
form the moment of resistance. In Fig. 177, the section 3-3, 
through C, (considering the part on the right) cuts off the forces 
IZg, To, and L.,. Considering the horizontal and vertical compo- 
nents of Fa, and taking center of moments at c, so that the mo- 
ment of F as well as 
of V2 and L3 shall be 
zero, 

Me being the sum of 
the moments of ex- 
ternal forces about c. 
But it is also true that 
L^d=M n =M^ 




Fig. 177. . 
and this is the couple which forms the 



It follows that II=L^ 
moment of resistance. 

Now since the horizontal componet of a chord stress is a 
bending stress, and since the moment is always positive, the chord 
stress itself must always be either compressive or tensile. It fol- 
lows that the vertical component of a chord stress, which resists 
a part of the shear, must always be of the same sign even though 
the shear may reverse. 

129. Position of Live Load for Maximum Web Stresses. 

Let the shear in any panel of a truss be first considered. For 
maximum shear in a panel, the same principle applies for deter- 
mining the position of the live load as for determining the max- 
imum shear at any cross section of a solid beam, but in a truss 
both the positive and negative shears must be investigated (102). 
The greater of these is usually called the positive shear, and the 
lesser, the negative shear in the panel. 
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If, in Fig. 178, panel 4-5 is considered, the maximum 8hea> 
in it will occur when 
there are no loads to 
the left of panel 4-5, 
and when all the 
loads on the right act. 
If iZj is the reaction 
for loads 1, 2, 3, and 
4, then i2i+ 4 P is 
the reaction when 
load 6 is added. In 
the first case, 

Shear in panel 4-5=iJi 
In the second case, 

Shear in panel 4-5=/2i+? P—P=/2i-^P 

A load on the left increases the reaction less than it decreases 
the shear ; the result is a decrease of shear. If the load be all on 
the left of the panel the shear is evidently of opposite kind (con- 
sider i?2) and the same reasoning applies. Fig. 178 shows, dia- 
grammatically, the positions of the loads for both maxima. In 
symmetrical trusses, it is customary to consider the panel 2-3 in 
place of 4-5 for maximum negative shear (127); the shear is the 
same for both. The positive shear is found on the left and the 
negative shear on the right of the center of the truss. The above 
conclusions are confirmed by the results of the stresses given in 
Art. 127. 

For maanmum positive shear in any panicl of a trttss, the live 
load should extend from that panel to the farther support, and 
for maximum negative shear to the nearer support. The live load 
shear in a panel may reverse but the dead load shear is always 
positive. Whether or not there will be a resultant reversal of 
shear depends upon the relative amounts of the live load and dead 
load. 

When there is a reversal of shear in a panel, there will be a 
reversal of stress in the web members of that panel (F^ and Z>„ 
Fig. 178) if the chords are parallel, for then the web member 
alone must resist tho shear (sections 2-2 and 3-3). When the 
chords are not parallel, the vxb member does not carry all of the 
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shear; neither docs its stress necessarily reverse when the shear 
reverses. In Pig. 179 

S^=R^^P=T}^ cos O^'—D^ cos 0.^ 
JJ2 can not reverse ; its sign, in the equation, 
will always be plus. Should D2 be in ten- 
sion, its sign will be plus and the shear, 82, 
will be positive. When D^ is in compres- 
sion, however, 82 may be positive or nega- 
tive, according as TJ2 cos O2 is greater or less , 
than I>2 cos 62 ; the stress in D2 may be re- ' 
versed without reversing the shear or vica- ^" ^^^' 
versa. Evidently, when the chords are inclined, the maximum 
stresses in a web member do not depend upon the shear in such 
a way that the above rule for positions of live load may be confi- 
dently applied. It will now be shown that this rule does give the 
positions for maximum web stresses also, with certain exceptions. 
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Fig. 180. 



The maximum stress in D3 occurs when the moment about a 
(Fig. ISO) is a maximum, because 

Djb=Ma of external forces. 

Considering the part to the left of the section, and no loads 
on this part, R^\a the only external force. The moment of li^ 
about a is anti-clockwise, and therefore that of D, must be clock- 
wise. D^ is in tension for any load to the right of the section. 
Considering the part to the right and loads to the left of the 
section only, ^2 is the only external force. The moment of 12, 
about a is anti-clockwise and therefore that of D^ must be clock- 
wise. D^ is in compression for any load to the left of the section. 
A similar analysis for T, will show that Vj is in compression for 
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any load on the right of the section 2-2, and in tension for any 
load on the left. 

For maximum stress of one kind in any web member of a 
truss, the live load should extend from its panel to one support, 
and for maxinmm stress of the other kind, to the other support. 
For a vertical member, the panel is determined by the section. 

Since Dg (Fig. 180) has its maximum tension with loads 1, 
2, and 3 acting, and its maximum compression with loads 4 and 
5 acting, the algebraic sum of these stresses will be the full load 
stress for D^, This will be a check on the stresses in D^ if the 
stress in D^ for full load is determined ; and this may easily be 
done, because the ratio of live load stress to dead load stress is 
equal to the ratio of live load to dead load. 

If a load on the right of a panel produces stress of one kind, 
and a load on the left stress of the opposite kind, there must be 
some position of a load in the panel which will produce zero 
stress. In Fig. 180, for example, a load in the panel 3-4 may be 
so located that it will produce such panel loads at 3 and 4 that 
the tension produced by one will be just equal to the compression 
produced by the other. There must also be a certain position of 
a load which will produce zero shear in the panel. These posi- 
tions are easily found and are convenient in placing a live load 
for actual maximum stress or shear (127). 

The stress in a web member will also be zero for loads on 
the left of its panel (for example) if the chords cut by the sec- 
tion intersect on the right-hand reaction, for then the moment of 
the external force is zero. A case of this kind is illustrated in the 
roof truss of Fig. 51, Art. 54; there is no stress in any web mem- 
ber of the right-hand half. A section through any web member 
cuts off but one external force {E^) on the right and it passes 
through the center of moments, E. 

When there are loads on both sides of the cutting section, 
the web stress is zero, evidently, when the chords cut intersect on 
the resultant of all external forces on one side of the section. A 
graphic method of getting the location of this resultant is given 
in Art. 61; its position may, however, be more quickly determined 
algebraically. The moment of the resultant about the point of 
application of the reaction must equal the sum of the moments of 
the loads on one side of the section about the same point. 

// the center of moments of a weh member lies between the 
supports, that is, if the chords cut by a section through it inter- 
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sect between the supports, its stress wiU not reverse and it rvill 
, ie a maximum for full live load. For appearance sake, simple 
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trusses are occasionally made as shown in Pig. 181. Rollers are 
placed under one end of the truss so that the reactions will be 
vertical. Considering Z>2, its center of moments is at w. For 
loads on the right of section 2-2, U^^ is the only external force 
acting on the left-hand part of the truss ; to balance its moment 
about n, D^ must be in tension. For loads on the left of the sec- 
tion, i^^2 is the only external force acting on the right-hand part ; 
to balance its moment about w, Z>2 must be in tension. Hence P, 
is in tension for any load and its maximum stress occurs with 
full load. 

Similar reasoning will show that Vj is in tension for loads 
on the left of section 3-3, and in compression for loads on the 
right ; its center of moments lies beyond the supports. 

In this truss, then, some of the web members will not suflfer 
a reversal of stress, and their maximum stresses occur for full 
load, while the others follow the regular rule for maximum shear 
in a panel. Since the chords are always a maximum for full load, 
the general principle may be laid down that, when the center of 
moments for a member lies between the supportsi, its stress is a 
maximum for full load. 

A roof truss with curved lower chord, and one arm of a 
swing bridge with curved upper chord, when treated as a simple 
span, are other cases in which the center of moments for a web 
member may come between the supports. 

Another exception to the rule will be found in Art. 137 for 
maximum tension in the posts of a truss having a curved chord 
and counter ties. 
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130. Stresses in a Pratt Truss by Coefficients. As 

was pointed out in Art. 127, it is convenient to use coe£Scients 
in getting the stresses in trusses with parallel chords. For 
the web members a coejfflcient represents a shear. The stress in 
any web member is the shear at the section multiplied by the 
secant of the angle which that member makes with the vertical. 




^7 £i}Uaf Panels '-^ n 

Fig. 182. 



If the member is vertical^ its secant is one. The chord stresses 
may be obtained by horizontal resolutions at the joints. Evi- 
dently the vertical members have no horizontal components, 
so the stress in any chord is made up of the sum of the horizontal 
components of the diagonals between that chord and the end 
of the truss. Therefore, the chord coefficients will be multi- 
plied by sec OXsvi or tan 0, where is the angle of the dia^ 
onal with the vertical. 
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All vertical stresses = coefficient X P. 
All diagonal stresses = coefficient XP sec d. 
All chord stresses = coefficient XP sec 6 sin 0. 

= coefficient XP tan 0. 

It is necessary to keep the coefficients for dead load and 
live load in the web members separate, as the panel loads are 
different. It is also necessary to keep clearly in mind what 
loading will produce a maximum live load stress in any par- 
ticular member as determined by the rules of Arts. 128 and 129. 
This is shown in Fig. 182, in which the member having maxi- 
mum stresses for a particular loading are shown in heavy lines. 
The counter-tie live load stresses are determined on the right of 
the center line and the main tie stresses on the left. Since the 
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Fig. 183. 

verticals are always in compression they are determined on the 
left — they have no counter stresaes. The stress in a suspender 
is a maximum whenever there is a full panel load at its lower 
end. According to the rule, it requires a full load to produce 
a maximum stress in the end diagonals. 

Fig. 183 gives the dimensions of a truss similar to that 
shown in Fig. 182. Its stresses will now be calculated by the 
method of coefficients. 

In Fig. 183, the diagonal length is \/212+ 182 = 27.66 ft. 



Sec, 0= 



27.66 






Tan.e= 



18 



21 21 

D. L. P.=300X18=5,400 lbs. L. L. P.=800X 18=14,400 lbs. 

27.66 



i). L, P. sec d= 5,400 



21 



=7120 lbs. 
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■ 

L. L. P. sec e=14,400 ^^=19000 Ibe. 
D. L. P. tan »~ 5,400 ^^=4630 lbs. 

L. L. P. tan fl=14,400 Hi 2340 lbs. 

Fig. 182 shows the left-hand reactions for the various cases 
which it is necessary to consider ; having these the shears in the 
different panels are easily gotten. The coefficients on the web 
njembers are these shears for unit panel loads. In Fig. 182 (/) 
/?i=3, and the shear in panel 4-5 is 3 — 2 = 1, which, by the 
method of sections, determines Dg. At joint 7, Lj must be 
aqual to the horizontal component of i)„ hence its coefficient 
is 3. At joint 6, L^^L^, hence they have the same coefficient. 
At joint 5, the horizontal component of 7) 2 is added to L^ to 
make L3, hence the coefficient of L3=3H-2=5. At joint 8, 
the horizontal components of D^ and D^ both act toward the 
right and are resisted by U 2, hence the coefficient of U^, is 3 -f2 =5. 
At joint 9, the horizontal component of D^ is added, making 
the coefficient of t/3, 5-1-1=6. 

It will be noted that all the coefficients for interior web 
members are smaller for full load than those for partial load. 
Likewise would the coefficients for the chord members be smaller 
for any partial load than for full load. Since the dead load 
is a full load, the coefficients of Fig. 182 (/)' may be used for 
dead load coefficients, with the exception of the vertical posts 
as noted later. . 

The diagonal members (except the end posts), the suspend- 
ers, and the lower chord are always in tension; the posts and 
top chord are always in compression. The dead load shear in 
the middle panel is zero and therefore there can be only live 
load stress in D^. The dead load shear in panel 4-5 is 4-1 X 5400 
= -f5400 lbs.; the maximum live load negative shear is, from 
Fig. 182 (6), — f X14,400 = -6170 lbs.; the resultant shear 
is —6170+5400=— 770 lbs., and therefore a counter-tie will 
be required in this panel. The dead load shear in panel 5-6 
is 4-2X5400=4-10,800 lbs.; the maximum negative live load 
shear is, from Fig. 182 (a), -|X 14,400 = -2060 lbs.; the 
resultant is positive and therefore no counter-tie will be required 
in this panel. 
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Diagonal Stresses, 

Z>i= 3PsecO=^ 
= SPsecO = 



3X 7,120 
3X19,000 



D,= 2Psec0= 2X 7,120 
=JfP sec ^=V^X 19,000 



+21,360 D. L, 
+57,000 L. L. 

+ 78,360 Total. 

- 14,240 D. L. 
-40,700 L. L. 



-54,940 Total. 



Z)6,= \Psece^ I X 19,000 = - 2,720 L. L. No reversal. 



Z>,= Psecd= 7,120 

- Y^ «^ ^ =Y^X 19,000 



2)5= ^psecd=^ fX 19,000 
Dead load same as Z), 



- 7,120 D. L. 
-27,140 L. L. 

-34,260 Total. 

- 8,140 L. L. 
+ 7,120 Z). L. 

- 1,020 Total. Reverses. 



Z>4= ^PsecO= fX 19,000 =-16,300 L. L. and total. 

The counter stress 2)5 is the same as the resultant shear in 
its panel multiplied by sec 0. If there were no counter tie, D, 
would be a counter-brace and 7 2 would also be in tension. 

The dead load is divided between the upper and lower panel 
points. It is usually considered that one-half the weight of the 
trusses and bramng is delivered at each chord and that all of the 
weight of the floor system is delivered at the loaded chord. If q 
equals the proportion of the total dead load panel load which is 
delivered at the unloaded chord, the dead load coefficients for 
the verticals will be as follows : 

D. L. Coefficient for V^^l^q. 

D. L. Coefficient for Vj^l +</. 

D. L. Coefficient for V^^q. 

Assuming q in this case to be J, the following are the stresses 
in- the verticals : . 

V^= iX 5,400 = - 3,600 D.L. 
= 1 X 14,400 =- 14,400 L. L. 

- 18,000 Total. 
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y, = liX 5,400 
=i^X 14,400 



+ 7,200 D.L. 
+20,600 L. L. 

+27,800 Total, 



Chord Stresses. 



^8= iX 5,400=+ 1,800 D.L. 
= f X 14,400 = + 12,300 L. L. 

+ 14,100 Total. 

L^=L^=SPianO=SX 4^630 -- 13,890 Z). L. 
=3P ian ^ =3 X 12,340 = -37,020 L, L. 

-50,910 Total. 

23,150 D, L. 
61,700 L. L. 



^L,^^U,= 



5PtanO 
bPiand 



5X 4,630 
5X12,340 



84,850 Total. 



-L,= + C/,= 



+ C/^=:6Pten^ 
^QPtanO 



6X 4,630=27,780 2). L. 
6X12,340=74,040 L.L. 

101,820 Total. 



If it is not required to keep the dead and live load chord 
stresses separate, the total may be gotten by one operation. • 






{iq)p +9 (i^)P dVp dW <A)P ^y^ 




Fig. 184. 

A truss diagram with stresses marked on the members is 
called a stress diagram. Sometimes only the total stresses are 
given and sometimes both dead load and live load stresses. 
The character of each stress must be indicated. 

When the total stress is to be an equivalent static stress, 
the live load stress must be kept separate from the dead load 
stress until the impact stress has been added, as this is usually 
a certain percentage of the live load stress. (88.) (5.) 

Fig. 184 shows a Deck Pratt truss with the coe£Scieats 
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written on the members. The dead load panel concentrations 
are indicated at the upper and lower panel points. The live 
load is all applied at the upper panel points. The coefficients 
for dead load on the web members are given near the upper ends 
and those for live load near the lower ends. The diagonals are 
shown in one direction only to avoid confusion. The main tie 
stresses are figured on the left half and the counters on the 
right. 

There are two conditions affecting the stress in the middle 
vertical V^, When the counter Dg is acting as shown, 

but when the bridge is symmetrically loaded with a live load 
at joint 4, the counter D^ will not be in action and 

V& = {l-q) /). L.-fl L. L. 

Both of these stresses must be calculated to see which is the 
larger. 

131. Stresses in a Simple Warren Truss. Fig. 185 
shows a simple Warren truss. The upper joints are vertically 




.6 Paocla at 16 ft.=76 ft. 



D Le 200 lb0. per ft LL= 700 lbs. per ft. 

Fig. 185. 

opposite the middle of the lower panels, which gives all of the 
diagonals the same angle of inclination. 

The coefficients for the web members are obtained in ^ 
manner exactly similar to that shown in Fig. 182. The coeffi- 
cients for dead load are shown near the top of the member and 
for live load near the bottom. In this case all of the dead load 
IS considered as acting at the lower panel points, as the truss 
is not deep enough for overhead bracing. The coefficients for 
the chord members are obtained by resolving horizontally at 
the joints as in the case of the Pratt truss. 
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It is evident that the lower (ihord is in tension, and the upper 
chord and end posts in compression. Since there are two diago- 
nals in each panel, a section may be taken through either, and 
its vertical component must be equal to the shear in the panel. 
Since all diagonals have the same inclination, the stresses in the 
two diagonals of a panel miist be eqtuil, for a particular loading; 
but since they are inclined in opposite directions, their stresses 
will be of opposite kind. For full load, D^ is in compression ; D, 
is in tension ; Z>3 is in compression ; Z>4 is in tension ; Z>b is in com- 
pression. Those near the middle of the truss may reverse under 
partial live load. <^" 

The diagonal length=i/752-|-i02=i2.5 ft. 

Sec. ^=^ Tan. 0=~ 

D. L. P.=200X15=3,000 lbs. L. L. P.=700X 15=10,500 lbs. 
D. L. P. sec e= 3,000X1.25= 3,750 lbs. 
L. L, P. sec ^=10,500X1.25=13,125 lbs. 
D. L. P. tan 0= 3,000X0.75= 2,250 lbs. 
L. L. P. tan ^=10,500X0.75= 7,875 lbs. 

The dead load shear in the middle panel is zero and, there- 
fore, there is no dead load stress in D^. The maximum plus and 
minus shears in the middle panel are the same and, therefore, the 
maximum compression in Dg is equal to the maximum tension in 
it. The maximum negative live load shear in panel 3-4 is 
—%X'10,500=— 2,100 lbs.; the dead load shear is-f 1X3,000 
=-f3,000 lbs. ; there is no reversal in D^ or Z),. 
Diagonal Stresses. 

Dy=2P sec e=2X 3,750=+ 7,500 Z>. L. 
= do =2 Xl3,125=-f 26,250 L. L. 

+33,750 Total. 
Z>2 same as Dj but sign is — 
+Z>3=— Z),= P sec 0=1X 3,750= 3,750 D. L. 
=fP sec ^=1X13,125=15,750 L. L. 

19,500 Total. 
=tP sec tf= J X 13,125=2,625 L. L. 
and as stated above there is no reversal. 

D^=iP sec »=JX 13,125=7,875 L. L. and Total. 
If one-third of the dead load be taken at each upper joint 
and two-thirds at each lower joint, the dead load coefficients of 
Z>i, Z>3 and D^ will be increased by one-sixth and of D^ and P4, 
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decreased by one-sixth, as may readily be shown by taking suc- 
cessive sections. 

Chord Stresses, 

Ly=2P tan ^=2X2,250=— 4,500 D. L. 
= do =2X7,875=- 15,750 L. L. 

—20,250 Total. 

U^=4P Urn ^=4X2,250=+ 9,000 B. L. 
= do =4X7,875=+31,500 L. L. 

+40,500 Total. 

L^=^ P tan ^=5X2,250=- 11,250 D. L. 
= do =5X7,875=-39,375 L. L. 

—50,625 Total. 
^L.,=+V^=(jP tan (^=6X2,250=13,500 /). L. 
= do =6X7,875=47,250 L. L. 

60,750 Total. 
As a check, taking the total panel load 13,500, 

Mg^O or 2iX 15 Xi?i- 13,500 (H+i) 15=^10 L^. 
L3=^(2iXl5x27,000-27,000Xl5) =60,750 lbs. 

It should be noted that the horizontal components of the 
diagonal stresses all act toward the right at the upper joints and 
toward the left at the lower joints; hence the chord coefficients 
are gotten by the addition, at each joint, of all the diagonal 
coefficients. 

132. Stresses in a Subdivided Warren Truss. Fig. 
186 shows a subdivided Warren truss of eight panels. This 




LLA^Ji,^ 



Fig. 186. 

is a very common t}'pe for riveted bridges up to 200 ft. span. 
The coefficients are given on the truss diagram and are obtained 
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in a manner exactly similar to those for the Pratt truss of Art. 
130. The stresses will be figured for the following data: 

Weight of trusses and bracing = 1200 lbs. per ft. of bridge 
Weight of floor system = 1000 lbs. per ft. of bridge 

Total dead load =2200 lbs. per ft. of bridge 

Live load =4000 lbs. per ft. of bridge 

From these data the following values are found : 

2200 

Dead load panel load= X 20 = 22,000 lbs. 

4000 

Live load panel load =2!px 20 =40,000 lbs. 

JX1200 3 
^ 2200 11 

biagonal length =34.4 ft. 



„ ^ 34.4 . ^ 20 

Sec 6 = ton^=— -. 

28 28 



Diagonal Stresses, 



Di=3iX22,000X^=-f 94,600 lbs. D. L. 

34 4 

=3iX40,000X^=-f 172,000 lbs. L. L. 

-f 266,000 lbs. Total. 
D,=2iX22.000X— = - 67,600 lbs. 7). L. 

=^X40,000X— =-129,000 lbs. L. L. 

- 196,600 lbs. Ttotal. 

344 

2)3 = liX22,000X^^^=+ 40,500 lbs. D. L. 

.^4 4 

=^X40,000X^^^= + 92,100 lbs. L. L. 

+ 132,600 lbs. Total. 
D^= iX22,000X— =- 13,500 lbs. i). L. 

•^4 4 

=j^X40,000X^^^=- 61,400 lbs. L. L. 

<60 



- 74,900 lbs. Total. 



I 



I 



Art. 132. STRESSES IN A SUBDIVIDED WARREN TRUSS. 255 

Z)\ = i X 22,000 X^^ = - 13,500 lbs. D. L. 
* 28 

= I X40,000X^^=» +36,900 lbs. L. L. 

+23,400 lbs. Total reversal. 
Z)', ==HX 22,000 X^^= +40,500 lbs. D. L. 

J14. 4. 

= fX40,000X^^=- 18,500 lbs. L. L. 

No reversal. 

F, = 7,=^X22,000 =- 16,000 lbs. 7). L. 
= 1 X 40,000 = -40,000 lbs. L. L. 

-56,000 lbs. Total. 

7^ = 7^=^X22,000 = + 6,000 lbs. D. L. Total. 

Chord Stresses, 

20 

U, = Ui= 6X22,000X^=+ 94,300 lbs. Z). L, 

20 

= 6X40,000X^= +171,400 lbs. L. L. 

+265,700 lbs. Total. 

20 

U^= 8 X 22,000 X-= +125,700 lbs. D. L. 

= 8X40,000X- = +228,600 lbs. L. L. 

+354,300 lbs. Total. 
Lj= L2=3JX22,000X- = - 55,000 lbs. D. L. 

20 

=3iX40,000X^= -100,000 lbs. L. L. 

28 

- 155,000 lbs. Total. 
2,3= L,-7}X22,000X§ = -117,800lbs. D. L. 

90 

=7JX40,000X~ = -214,300 lbs. L. L. 

l28 

-332,100 lbs. Total. 

133. Stresses in a Half-hip Truss. The end panels 
of a half-hip truss (Fig. 187) are like those of a Warren truss 
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and the balance of the truss is like a Pratt. The coefRcients 
for the web members are gotten in the same manner as for a 
Pratt and a Warren. It must be remembered that the secant 
for the end diagonals is different from that for the intermediates. 

For the chord stresses the horizontal components are added 
as in the preceding cases, but it must be remembered that the 
tangent for the intermediate diagonals is double that of the end 
diagonals, so that in adding the coefficients for the intermediate 
diagonals they must be doubled; thus at joint 6, the coefficient 
for U2 is 4-f 2X1 =6. The tangent of the end diagonals is then 
used in connection with all the chord coefficients. 

If the slope of the end diagonals is not exactly half that 
of the intermediate ones, the chord coefficients will have to be 
written in two parts, as 4P tan d + lP tan 0' for I/j. . 



« Ui 6/«' u« 




SEquolPaneta 

Fig. 187. 



Fig. 187 gives the coefficients for dead and live load, as- 
suming all of the dead load as acting at the lower chord. 

134. Stresses in a Whipple Truss. The Whipple 
truss is statically indeterminate (42), but it is usually assumed 
that the two trusses into which it may be separated act inde- 
pendently in transmitting the stresses (122). This assumption 
is not true, as may readily be seen by considering a single load 
at any point. Suppose a load is acting at joint 5, Fig. 188 (a). 
According to the above assumption this would produce stresses 
in the truss of Fig. 188 (^), but no stress in the truss of Fig. 188 (c) 
except in the chords and end posts. But truss (fr) cannot deflect 
without causing deflection in truss (c) also. Therefore, the load 
at joint 5 produces stresses in truss (c) as well as truss (6). (8.) 

According to the usual assumption the truss is separated 
into two parts. Fig. 188 {b) and (c), and the coefficients written; 
then those for the members common to both trusses are added 
and put on the original diagram. Fig. 188 (a). Each truss is 
assumed to carry alternate panel loads. 
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Here, as in the half-hip truss, the slope of the end diagonnls 
is only half that of the intermediate ones and this must be re- 
membered in writing the chord coefficients and in using them. 

The center poet is similar to the center post of the Pratt 
truss with an even number of panels (Fig. 184); it has two con- 




Fin. 188. 



ditions affecting the stress. When the counter is acting as 
shown 

but when the bridge is symmetrically loaded, the counter will 
not be in action, and 

V^^+q D.L. 

The first case will usually govern in a through bridge. 

135. Stress Coefficients for a Double-intersection 
Warren Truss. The double-intersection truss of Fig. 189 («) 
ia treated as a deck structure. Whether or not there are joints 
at the intersections of the web members, the stresses are statically 
indeterminate according to equation (S), Art, 42. Upon the 
usual assumption of two independent trusses as shown in Figs. 
189 (b) and (c), the stresses are statically determinate and the 
final stresses in the chords are equal to the sums of the stresses 
in these two trusses. 
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As the stresses obtained in this manner are only approxi- 
mate, it is useless to complicate the problem by separating the 
dead load into the portions carried at the two chords, although 
this may be done if desired. In what follows all of the loads 
will be considered as applied at the upper chord. 

The case of full load will be considered first. Tnisses b 
and c are unsymmetrical about their centers, but if the reac- 







-Je ^^^ — 



7 7^ 7 

— 7£ifi/a/ Pone/s, 



72" 

r 



Full 

la) 

Max. 




Fig. 189. 

tions are first gotten and then the diagonal coefficients, with 
their proper signs, the chord coefficients are easly determined. 
One end load will be assumed to act on truss 6 and the other 
on truss c. 

Fig. 189 (6) . /2 1 =^^^^y^ = ^ == shear in panels 6-7 and 5-6. 
Fig. 189 (c). /2^=?±i±5=~=shear in panel 6-7. 



Evidently, R^ for the first truss is the same as /Zj for the 
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second, and /?2 for the second, the same as Ri for the first. The 
sum of the reactions is equal to the total load. 

Fig. 189 (6). Shear in panels 4-5 and 3-4= ?— ?— I up 

Shear in panels 2-3 and 1-2= ? — ?=f down 

Shear in panel 0-1= f-fl down. 

The same results will be obtained, of course, by starting at 
the right hand end. The shear reverses at 3. In order to deter- 
mine the character of the stress it is only necessary to consider 
the direction of the shear in a panel, and the kind of distortion 
it tends to produce in the diagonal. 

For similar members, the coefficients of truss c are the same 
as of truss &. 

In Fig. 189 (6), chord 5-7 is in compression to resist D^ and 
its coefficient is J At 5, the top chord 5-6 and both diagonals act 
toward the right and, therefore, the coeflScient for 3-5 is 

At 3y one diagonal acts toward the right and the other 
(DJ toward the left; the coefficient for 1-3 is ^^'^-f^— f=V- ^t 
1, both diagonals act toward the left; the coefficient for 0-1 is 
^ — ^ — h^ =0 as is apparent at joint o. These coefficients may 
be checked by starting at the righ^hand end and proceeding in 
a similar manner. It is somewhat easier to work from both ends, 
up to the point where the shear changes. 

The coefficients for truss c may be taken off of truss 6. Add- 
ing the chord coefficients, the final chord coefficients are gotten 
as shown in Fig. 189 (a), or they may be gotten directly on 
Fig. 189 (a), from the diagonal coefficients. 

The live load coefficients for the diagonals are independent 
for each truss, but are the same in the two trusses for members 
with the same subscript. For the end panels (Dj, Dj, and D7) 
the full load coefficients are the maximum also. For the other 
"panels the diagonal coefficients are easily found if the proper 
partial load is considered, and are given at the lower ends of Z), 
to De in Fig. 189 (6). 

Having all the coefficients it is a simple matter to calculate 
the stresses (13 1).^ 

^ It is possible to have a multiple-intersection truss that is ^statically 
determinate. Some of these are, however, collapsible or unstable. A 
discussion of such trusses may be found in a paper by Mr. G. N. Linday, 
in the Journal of the Western Society of Engineers, Vol. VIII, p. 272; also 
in Mueller-fireslan's Graphische Statik, Vol. I. 



260 



STRESSES IN A BALTIMORE TRUSS. 



Art. 136. 



136. Stresses in a Baltimore Truss. Fig. 190 shows 
three ways in which sub-trussing may be put in. Heavy lines 
indicate compression members and light lines tension mem- 
bers. By horizontal and vertical resolutions at the junction 
of the diagonals the stress in the sub-diagonal may be found in 
any case. The stress in the sub-vertical y F„ is evidently equal 









to the load at its lower extremity — unity. Assuming com- 
pression in each of the three diagonals in Fig. 190 (a), we get, 

Di sin 0— Do. sin — Dg sin = 0, 

Di cos O-D2 cos -\-D, cos =P. 

Dividing the first e<iuation by sin and the second, by cos 
and subtracting, we get * 

2D, = P sec or D,=\P sec 0, 

Thus we get the coefficient for D, to be J. By a similar process 
the coefficient for Z), may be shown to be i in any case where 
the inclinations of the diagonals are equal and the loads ver- 
tical. Figs. 190 (a'), (6') and (c') show diagrammatic ally the 
paths of the stresses from the sub-panel loads. 

Fig. 191 shows a Baltimore truss of sixteen panels with the 
cub-diagonals in tension. The top chord is usually supported 
at the sub-panel points by vertical struts F/, as this reduces 
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the effective length of the top chord as a colunm (113), and 
also reduces the bending moment due to ita own weight (115). 
The dead load coefBcieuts shown in Fig. 101 are obtained aa 
follows. 

It is evident that panel load 15 is equally divided at 17, 
and is carried downward to the right and the left. The half 
panel load carried to the right is added to load 14, making the 
coefficient of Vi, (IJ— g). 

The shear in panel 14-15 is 7i — 1 =G1, and it is resisted by 
the algebraic sum of the vertical components of the diagonals 
in the paiiel which is 7 — J^Gj. 

Since iDa, Da, and Dj are the only diagonals in action in 
their respective panels, their coefficients are the shears in these 
panels, namely 7i-2=5i, 7i-4=3i, and 71-0 = 1}. Writing 



Fig. 191. 

the horizontal and vertical resolution equations at joints 19, 
21, or 23, as was done in Fig. 190, it is found that the sub-panel 
loads coming to these points are divided and carried upward 
so that the coefficient of each sub-diagonal is J. 

Now the coefficients for the diagonals in those panels having 
two diagonals may be gotten, for we know that the upper one 
carries a half panel load. The shear in panel 12-13 is 7^ — 3 = 
4i, and is resisted by the algebraic sura of the vertical com- 
ponents of D'i and D4. Since these act in opposite directions, 
and that of Z)'^ is 1, that of D^ must be 5. Looking at it in 
another way, it is known that one-half the load at 13 is carried 
by ^ii then the shear carried by Di is 71 — 2i=5. In a sim- 
itar manner, the shear resisted by D^ is TJ- 41=3, and by Dg 
is 71-61 = 1. 

The same results may be obtained by taking resolutions at 
jomts 19, 21, and 23. 
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Sub-diagonal D'^ in connection with D'7 forms the counter 
of panel 8-10 or 6-8. When these are in action, D7 becomes 
the sub-diagonal and Dg goes out of action. The dead load 
coefficients to be used in connection with the live load to find 
the stresses in the counters, are given on the right half of Fig. 
191. D's *^d D'e may get their maximum stress as a sub- 
diagonal or as a counter, depending upon the relation of the 
dead load to the live load. Both stresses must be calculated 
to find out which is the greater. 

The coefficient for a post may be gotten by taking a section 
through it and a sub-diagonal, or by adding the diagonal coef- 
ficients at the upper joint to the load applied at the point. As 
in the case of the Pratt truss with an even number of panels, 
there are two conditions affecting the stress in the middle ver- 
tical, F4. When the counter is in action as shown, the dead 
load coefficient of F4 will be q^ but when the bridge is symmet- 
rically loaded, the counter will not be in action and the coeffi- 
cient for F4 will be \-\-\-\-q = l'^q. These must be used in 
connection with their proper live load coefficients. 

Knowing the directions in which the horizontal components 
of the diagonals act, the chord coefficients are gotten by algebraic 
addition at each chord joint. 1/3 = ^/4=7+5^ = 12^. U^^Uq 
= 12i-i+3i = 15i. [/7 = [/8 = 15i-i + li=16i. Li=L2=7i. 

L3=L4=7i-i=7. L6=L6=7+5 = 12. L7=L8 = 12+3 = 15. 

As a check, with a section through 1/7, 2)7, and L7, M22-=0 
or 5OL7 =7^X6X20-1(1+2 +3 +4 4-5)20. 

, 45X20-15X20 30X20 ^rsyAo ik* /) 

17= — =—^^ = 15X1^ = 15 tone. 

Ms=0, or 
5OC/7 =7^X8X20-1(2+3+4 +5+6+7) 20. 

^^^60X20-27X20^33X20^^^^^^^^^^^^^ 

DO uU 

The live load coefficients for the counter ties (maximum neg- 
ative shears) are gotten on the right of the center line just as 
for a Pratt truss. This is evident for those panels having but 
one diagonal. (The main tie is not in action when the counter 
tie is.) In the other panels the stress in the upper member is 
also zero for live load unless the sub-panel load is on; but when 
the sub-panel load acts, the shear carried by the counter tie is de- 
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creased by half of this panel load, and increased by the increase 
in Ri, which is always less than one-half a panel load. Thus 
for panel 6-7, with loads 1-6 inclusive acting, the shear is JJ^ 
with load 7 added; the coefficient for D^j is f| — A-f?- ^^ 
short, the loading for maximum negative shear follows our 
adopted rule (129J. 

In combining the dead and live load stresses in the counter 
ties to find the resultant maximum, it must be remembered that 
the total shear in a panel is resisted by the algebraic sum of the 
vertical components of the diagonals acting in the panel. In panel 
7-8, the diagonal D^^ is the only one acting for the partial loading 
(1 to 7 inclusive), and therefore D/ resists the entire resultant 
shear in the panel, just as for diagonals D^, Dr, and D^. In panel 
6-7, D/ is not the only diagonal acting, as the dead load panel load 
at 7 is divided between the two diagonals just as shown for the 
left half of the truss, and therefore D^ will always carry at least 
Yo panel load of dead load. This makes the resultant stress in 
2>/=| 2-1 LX.P.L.+ {7y2-'9+y2)DLPL] sec e=[lJ L. L P. L 
"D.L.P.L.] sec 9. 

For maximum positive shear (to the left of the center), the 
coefficients in the panels having but one diagonal are the same as 
fgr a Pratt truss. For D^, for example, loads 1 to 11 inclusive 
should act ; the left hand reaction is f g and this is the coefficient. 

In the panels having two diagonal members, the coefficient 
for the main diagonal may be greater when the sub-panel ahead 
is on than when the loading follows the rule for maximum shear 
in the panel. Trying both loadings and remembering that the 
upper diagonal carries one-half of the sub-panel load only, 

For p., loads 1 to 8. Shears ^+^+^+^y+«+^+« =4 

lb Id 

" Ito 9 Shea,-^*+^ l_45-8_37 
Ito 9. Shear=-jg 2-^6 16 

For 2)„ loads 1 to 10. Shears — ^ — = -tt, 

- - 1 to 11 Shear=^y^- -1 -^^ =^ 
itoii. bnear= ^^ 2 ~ 16 16 

For 2>4, loads 1 to 12. Shear=— ^1 — ==-Ta 
* lb lb 

Ito 13. Shear=-jjr-^ — 2"~'~i<r~16 
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T^ T^ 1 ^ . ^^0.1. 91+14 106 

For Z>2, loads 1 to 14. Shear= — ^^7^ — "^"TF 

105+15 1 120—8 112 



(( (< 



1 to 15. Shear^=- 



16 2 ~ 16 16 



An inspection of these figures shows that, for this style of 
web bracing, the maximum stress in the main diagonal of a panel 
having two diagonal members, occurs when the sub-panel load 
ahead of the panel is on. It will be noted also that the shear car- 
ried by these diagonals is always decreased by a half panel load, 
when the sub-panel load acts, while it is always increased more 
than this ; the smallest increase above is -^ for the first panel load 
to the left of the center. 

Taking a section through a post and sub-diagonal, remember- 
ing that there is no stress in the sub-diagonal when the sub-panel 
load is not on, and that it carries a half panel load when the 
3ub-panel load is on, we have 

For y„ loads 1 to 7, at joint 24, f f +0 =|f 

" 1 to 9, fi|-li=H 

For y,, loads 1 to 9, at joint 22, f J+0 =\i 

'' 1 to 11, fH— H=« 

For Fj, loads 1 to 11, at joint 20, ff+0 =f f 

1 to 13, \\-n=\i 



ti a 



For the posts, the regular rule for loading applies in getting 
naximum stress, except for the post F,, in which the stress will 
be slightly larger if two more panel loads are added than the role 
requires. All of the post coefficients will be larger than tho^e 
given above if it is assumed reasonable to have a discontinuous 
load ; if loads 1 to 11 inclusive, except load 10, acted, for example, 
the coefficient for V g would be \ 8 

For the position of live load (loads 1 tc 7) which gives a 
oiaximum stress in V^, (the center post) tho acting members o£ 
lihe truss are as shown in Fig. 191, and the total stress in V ^ is 
equal to the sum of the vertical components of the diagonals 
meeting at joint 24, plus whatever load is applied at joint 24, or 

F,=[f |L. L. P. L.-UX L. P. L.]-f [AD. L. P. L.]+[gZ). L. P. L.] 
=f|L.L. P. L. i-qi). L. P. L. 

For a symmetrical loading with live loads at joints 7, 8, 
^d 9, 

F, - (1 +(?)/). L. P. L. + IL. L. P. L. 
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The one of these two values which is the greater is the one to 
be used. It depends upon the relation of the live load to the 
dead load. 

The live load coefficients are shown in Fig. 192. Having 



all of the coefficients, it is a simple matter to 5nd the stresses. 
The following loads will be used in figuring the stresses: 

Weight of trusses and bracing =2200 lbs. piir ft. of bridge. 
Weight of floor system =1100 lbs. per ft. of bridge. 

Total dead load =3300 lbs. per ft. of bridge. 

Live load =4000 lbs. per ft. of bridge. 

From these we get the following constants: 



_ iX2200 1 
^ aSOO 3' 
Diagonal length =64.03 ft. 

sectf=^. tan =^^=0.S. 

Di = ("iX33,000+7ix40,000) sec ft = 700,.S00 lbs. (-f 

Z)2 = {7 X33,000 + 7 X4&,000) sec ('-654,000 lbs. (4 

Z)'2 = {, i X33,000 -r i X40,000) sec (/ - 40,700 ibs. ( +) 

i>j=(5ix33,000 + fiX40,000) sec ft -523,500 lbs. (- 

i>4 = (5 X33,000 + HX40,000) scci'/=-476,800lbs. (- 

^B=(3iX33,000+fJX40,000) sec 6=359,000 Ibs. {- 

/>o = (3 X33,000+t|X40,00O)s«,ft=312,30Olbs. (- 

D7^(liX33,000+fJX40,000) set (; =207,400 lbs. (- 

Z>8-{1 X33,000+f5X40,000) sec ft -100,600 lbs. (- 

C* ^Z^o -X'-g - (i XSS.OOO + i X40,000j sec =46,700 Ibs.(-) 
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D'g = (f§ X 40,000 - i X 33,000) sec = 68,500 lbs. ( - ) 

as counter, max 

/)'7 - ( «i X 40,000 - 1 X 33,000) secO^ 25,000 lbs. ( - ) 

B'q = (fl X40,000 - 2J X33,000) sec O^no reversal as counter 

Vs= 1x33,000 +40,000 =62,000 lbs. (-) 
F',= iX33,000 = 11,000 lbs. (-h) 

Vi = 1^ X33,000 + li X40,000 == 98,500 lbs. 

72 =4i X33,000 +1^X40,000 =310,500 lbs. 

73 =2 J X33,000 +f| X40,000 = 189,500 lbs. 
74= i X 33,000+ ft X 40,000= 81,000 lbs. 



F4 = liX33,000-f 1 X40,000= 84,000 lbs. 



(-) 
(+) 
(+) 

with counter. 

(+) 



t/3 = 
f/5 = 
f/7 = 

1^1 = 
L3 = 

L7 = 
Fig. 

diagonals 



symmetrical Idad, max, 



C/4 = 12 J (33,000 +40,000) tan ^=730,000 lbs. 
f/6 = 15i (33,000 +40,000) tan ^=905,200 lbs. 
Us = 16i (33,000 +40,000) tan =963,600 lbs. 
L2 = 7i (33,000 +40,000) ton <?= 438,000 lbs. 
L4 = 7 (33,000+40,000) ton ^=408,800 lbs. ' 
Lq = 12 (33,000 +40,000) ton =700,800 lbs. 
Ls =15 (33,000+40,000) ton <? =876,000 lbs. 

193 shows a Baltimore truss of 14 panels with sub- 
all compression members; the other diagonals (except- 



+) 
+) 
+) 
-) 
-) 
-) 
-) 



Us 
+10 



U4 Uft 
410 18 ♦18 



Ud Ut 
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Fig. 193. 

ing end posts) are tension members. The sub-panel loads are 
carried to the main truss as shown in Fig. 190 (c). 

The coefficients for dead load will be gotten first. For the 
diagonals in the panels having but one diagonal, the coefficient 
is equal to the shear in the panel; for the other diagonals, the 
algebraic sum of their vertical components must equal the shear 
in the panel. Panel 12-13 is similar to the second panel in 
Fig. 191. The shear in panel 11-12 is 6^-2=4^; since D'a 
carries a half panel load of shear, 7)3 must carry 4, because both 
vertical components act downward. The shear in panel 7-8 is 
i and this in resisted bjr D'7^ making the coefficient Dj zero. 
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At joint 12, the horizontal components of D'3 and D'2 
balance each other; the coefficient of L3 must, therefore, be the 
same as for L2. At joint 10, L5=6i -f 3J -fj = 10^. At joint 8, 
L7 = 10i+li+i=12i. At joint 16, [73=6+4 = 10. At joint 
18, f/fi = 10 +2 = 12. At joint 20, U^ = 12 4-0 = 12. 

As a check M^^O, section through C^j, D'y, and L7. 

48f/7 =6i X6 X21 - (1 +2 +3 +4 +5)21. 

(39-15)21 _J2X4| = 12 ton ^. 

48 

For the same section M22 =0. 

48 L7=6iX8X21- (2 +3 +4+5+6 + 7)21. 
j^^ ^ (52-27)21 _ j2 J Xil = 12i inn 0. 

At joint 12, one-half of each of the loads 11 and 13 is added 
to load 12, making Vi =2— g. 

The coefficients for the posts are evident by considering 
joints 18 and 20. 

The live load coefficients are gotten as for a Pratt truss, ex- 
cept that in the panels with two diagonals, the sub-diagonal 
carries a half panel load of shear, and, that, as was shown for 
the truss of Fig. 192, D^ requires a full load. 

A question might arise as to the middle panel 6-7-8. The 
compression sub-diagonal cannot hang slack and, under full 
load it is a question whether D'-j or D-j is acting as the sub- 
diagonal; but under partial loading for maximum counter stress 
the distortion of the panel (120) throws the upper half of the 
diagonal, from joint 21 to 22, out of action (being a tension 
member) and the coefficients are as given in Fig. 193. This form 
of sub-trussing is often used for riveted bridges. 

The maximum shear in panel 7-8 is ff , of which D'-j carries 
-^, and I>7, W. The maximum shear in panel 9-10 is ff , of 
which D's carries ^ and 2)5, f|. In like manner the coefficient 
forZ),isH-A=H. 

As the calculation of stresses is now a simple matter, only 
a few will be given. 

Dead Load, 

Trusses and bracing = 1600 lbs. per ft. of bridge. 
Floor system =2000 lbs. per ft. of bridge. 



Total = 3600 lbs. per ft. of bridge. 
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Live Load =2000 lbs. per ft. of bridge. 

Dead load panel load =i X3600X21 =37,800 lbs. 

Live load panel load =^ J X2000 X21 =21,000 lbs. 

iXl600 2 



3600 9 
Diagonal length =63.8 ft. 

^ 63.9 , ^ 42 

sec = . tan =•— -. 

48 48 

7)'o = (|«X 21,000 -1X37,800) sec ^=no reversal. There- 
fore, Z>'o is not required and only panel 6-7-8 needs counters. 
2)7 = 2^X21,000 .sec ^=41,900 lbs. (-) 
Z)'7 = (iX21,OOO-fiX37,S0O) sec ^=39,100 lbs. (+) 

Max. comp. 
D'y = (11 X21,000-iX37,800 .sec/? = 16,800 lbs. (-). 

Max. tens. 
7i =(2X21,000 + 1^X37,800) =109,200 lbs. (-) 
72 = (ffX21,000+2fX37,800) =141,000 lbs. (+) 

137. Stresses in a Camel-back Truss. For trusses 
with inclined chords, as in Figs. 162 an;l 164, coefficients of 
stress cannot be written by inspection as in trusses with parallel 
chords. The simplest way is to get the stresses directly by 
the method of sections, using the moment equation. The cal- 
culation of the lever arms for the upper chords and diagonals ie 
somewhat laborious and should be checked by scaling from an 
accurate diagram to avoid large errors. 

The end and middle panels of Fig. 194 are quite similar to 
those considered in Art. 130. Since D\ is zero under full load, 
it is evident, at joint 10, that F3 will be in tension to resist the 
vertical component of f/a. At joint 9 there are four vertical 
components, but it will be found that Fj will also be in tension 
under certain loads — the posts are subject to reversals of stress. 

As was pointed out in Art. 129, no reversal of shear in a 
panel does not necessarily mean that a counter tie is not re- 
quired, or that there is no reversal of stress in the diagonal. 
Nor will the compressive stress in a diagonal, when the counter 
tie is not present, be equal to the tensile stress in the counter 
tie, because their inclinations are different; their horizontal 
components are equal, however, for the same loading. 

This fact furnishes a ready means of finding a counter stress 
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after it has been found that the main diagonal stress reverses. 
To prove that it is true, consider D^ for example, Fig. 194. 
Taking a section through C/3, D^, and L3, the algebraic sum 
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of the horizontal components of the stresses cut must equal 
zero, because all external forces are vertical. 

C/3 Bin ^3 = At Bin 0^ +I/3. 

Substituting the values of U^ and L3 in terms of the moments 
at 4 and 9, for whatever loading may be under consideration, 



D3 sin 0s = 



M4 sin as M% _ Ma M% 

2S«inaa "li" 28" 24* 



In a similar manner, if D3 is omitted and the counter tie, D's 
inserted in this panel, 

"* ^ \28 24/ \28 24/ 

This proves that if a tensile diagonal is used in a panel of a 
truss with inclined chords and vertical posts, the horizontal 
component of its stress is the same as the horizontal component 
of the stress in the compressive diagonal would be if it were 
used. 

The stresses will now be calculated for the camel-back Pratt 
truss of Fig. 194, for the following data: 

'Defid Load, 

Trusses and bracing = 600 lbs. per ft. of bridge. 
Floor system = 400 lbs. per ft. of bridge. 



Total 



= 1000 lbs. per ft. of bridge. 
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9=-——— =0.3. 
^ 1000 

Live load = 1600 lbs. per foot of bridge, 

Dead load panel load =i X 1000 X20 = 10,000 lbs. 

Live load panel load =i X 1600 X20 = 16,000 lbs. 

The chords receive their maximum stresses under full load 
(128). 

Center of moments aJt 8, 

18Li=20ii;i=3PX20. 
Li =L2 =3 X 10,000 XH =33,330 lbs. (-) D. L. 
=3 X 16,000 Xfi= 53,330 lbs. (-) L, L. 

86,660 lbs. (-) Total. 
Center of mjom^nts at 9. 

24L3 =40/2i - 20P =3P X40-P X20 = lOOP. 

L3=15^><i5^= 41,600 lbs. (-) D.L. 

^ 100X16,000 ^ 66,670 lbs. (-) L. L. 
24 ' ^ ^ 



108,330 lbs. (-) Total. 
Center ofmom£nts at 10, 

28L4 = 60J?i - (20 + 40) P = 120P. 
^^^120X10^^ ^2,860 lbs. (-)D.L. 



28 



120X16,000 ^o cTr^ n r \ t T 
— = 68,570 Ibg. (— ) L. L. 

28 ' 



111,430 lbs. (-) Total. 

For the top chords the lever arms must be calculated 
This may be done by similar triangles, thus. 
Center of moments at 5> 

^"° °^ ^' ^ . Arm of f72 =23.0 ft. 

20 Length of Ut 

23 U2 =40i2i - 20P = lOOP. 

^ 100X10,000 ^ 43,480 lbs. (+) D.L. 
23 

^ 100X16,000 ^ «9,560 lbs. ( +) L. L. 
23 ' 



113,040 lbs. (+) Total. 
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Center of moments at 4, 

Arm of t/3=^^ =27.45 ft. 
27.45f/3 =60/2i - (20 +40)P = 120P, 

rj 120X10,000 .^ »T,n lu / . n r. r 

Us = — -—7 — = 43,710 lbs. ( +) D. L. 

27 Ao 
120X16,000 af^f^Anlu / . \ T r 

= — — — ^ — = 69,940 lbs. (-♦-) L,L. 



113,650 lbs. (-h) Total. 
Center of moments at 3, 

Arm of f/4 =28 ft. 
28 C/4 - 80/?i - (20 -h 40 + 60) P = 120P. 

C/4=i^^=- 42,860 lbs. (-f) D.L. 

=^^5>^^= 68,570 lbs. (+) L,L, \ 



11 1,430 lbs. (-f) Total. 

If the mmn diagonals are to be tension members, they 
will have the same direction of inclination as in a Pratt truss, 
as shown in Pig. 194. The position of the loads for maximum 
stresses in the diagonals will follow the regular rule as shown 
ia Alt. 129. 

For the end post the maximum stress will occur under full 
load. Taking vertical resolutions at joint 7, 

Dxcosdi^Rx^^^P. 

Di =3 X 10,000 X^= 44,830 lbs. (+) D.L. 

=3 X 16,000 X^^= 71,730 lbs. (+) L.L. 

18 



116,560 lbs. (+) Total. 

For D2, with a section through U2, D2, and L2, and a center 
of moments at b, the lever arm may be found by similar triangles. 

ArmofD, 80 Arm of 1)2=53.5 ft. 

18 Length of Ds 

53.5D2=40fti-60P=60P, for dead load. 

=40fti =40 X V^P, for live load. » 
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eoxio^ooo^j^^^Otofl. (-) D.L. 

* 53.5 

=:^><21^ =25,630 lbs. (-) L.L. 

53.5 

36,840 lbs. (-) Total. 
Center of moments at a, 

AnnonD,^_J^O Arm of Ds = 107.5 ft. 

24 Length of D> 

107.5D3 =80ff 1 - (100 4- 120)P =20P, for dead load. 
=8022i =80 X^P, for live load. 
20X10,000^ 1,860 lbs. (-) D,L. 

^ 107.5 

^^X^>^== 17,010 lbs. (-) L.L, 
107.5 _J__ 

18,870 lbs. (-) Total. 

2)4 is best obtained from the shear in the panel, as the 
chords are horizontal. 
Z>4=0 for dead load. 

=fXl6,000 sec ^3 = 16,850 lbs. (-) L. L., Total. 

Center of moments at d, 

AnnofD^ _ 120 j^^^ ^^ D's =97.67 ft. 

28 Length of D's 

97.67D'3 =80K2 - (100 4- 120)P =20P, for dead load. 

=220i2i=220XfP, for live load (considering part 

to the left of the section). 

20X10,000^ 2,050 lbs. (+) D.L. 
^ 97.67 ' 

^220X(^860^ 4501^3 (.) L,L, 
97.67 __!__ 

13,400 lbs. (-) Total. 
Center of moments ai c, 

ArmofD^_ 60__ Am of i^a^^e.l ft. 

24 Length of D'l 

46.lD'2=40i22-60P==60P, for dead load. 
=180Ki = 180 X|P, for live load. 

^^^60X10,000^^3 0^0 tbs. (+) D.L. 

^ 46.1 ' 

^180X2,290^ 8,920 lbs. (-) L. L. 
46.1 _^ 

No reversal. 
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Counters are required in the three middle panels only. 

Another method of getting the stresses in the diagonals is 
to consider the horizontal components at the lower joints. This 
will require the calculation of the live load stresses in the lower 
chords for the position of the live load giving a maxii^?«u stress 
in each diagonal; for instance, at joint 5, 

D2 sin 01 =L3— L2. 

For a maximum stress in D3, loads 1 to 5 inclusive must 
be on the truss, giving a reaction Ri =J^P. 

L2=KiX^=JS^Xl6,000Xf|=38,100 lbs. (-) 
i'3=«iXii=JS^X16,000Xi|=57,140 lbs. (-) 
D2 sin Oi =57,140 -38,100 = 19,040 lbs. 

7)2 = 19,040X^^=25,620 lbs. L.L., 
'20 

which corresponds with the value found by the moment equation. 

As stated in the beginning of this article, the vertical posts 
are subject to reversals of stress and each kind of stress must 
be calculated. 

Vi is a suspender and gets whatever load is applied at 
joint 6. 

^1 = (1-9)^ =0.7X10,000= 7,000 lbs. (-) D. L. 
= 1P =16,000 lbs. (-) L,L, 

23,000 lbs. (-) Total. 

For maximum compression in the postSj the position of the 
loads follows the regular rule, as was proven in Art. 129. 

Center of moments at 6, 

80 F2 =40/2i -OOP -80(1 -g)P =4P for dead load. 
=40^1 =40 X Y XP for live load. 

72=^X10,000= 500 lbs. (+) D,L. 

=1 XI 6,000 = 11, 430 lbs. (+) L.i 

11,930 lbs. (+) Total compression. 
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Center of vwmeiiis at a, 
140 F3 =80^1 - (100 -h 120)P - 140(1 ~g)P = -78P for dead load. 

=80^1 =80 X- XP for live load. 

7 

73=-— X 10,000 =-5,570 lbs. (-) D.L. 

140 

= -X16,000= +7,830 lbs. (-h) L. L, 

2,260 lbs. (+) Total compression. 

To find the maximum tension in F2, the rule for position 
of the live load cannot be applied because it is possible to have 
three different trusses with different combinations of counters 
and main ties in action, depending upon the position of the 
live load. If the main ties were capable of resisting compression 
as well as tension and counters were not used, the regular rule 
would apply. The tension in the post is produced by the upward 
component of the stresses in the top chords. This is lessened 
by the downward component of the stress in any diagonal 
acting at the top of the post. Therefore, a maximum tension 
in a post will occur unth as much load as possible on the bridge 
(to produce compression in the top chords) with no stress ^ or 
as little stress as possible in the diagonals connecting at the top of 
the post. 1 I 

Considering F27 we know that with loads 6 and 5 on, diagonal 
D3 is not in action. The problem is to find how much more 
load may be added without bringing this diagonal into action. 
We can write an equation for the total stress in D^ with loads 
6 and 5 on the bridge and enough more loads to make D^=0. 
This will give us the position of the loads for maximum tension 
in the post. 

Center of moments at a, 

107.51)3 = 80Pi - (100 -f 120) (/). L. -f L. L.) =0. 

Solving this 

220 
Ri=^X{D. L.-f-L.L.) =71,500 lbs. total when 2)3=0. 

oO 

DLRi=3P =30,000 lbs. 

/Ci=41,500 lbs. L.L. when =©3=0. 



»For an extensive discucson of this problem sec Mueller-Brcslau's 
Graphische Statik, Vol. I. 
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If this value of Ri comes out less than the value of Ri for 
loads 5 and 6 alone, use the greater value. This would show 
that D3 could not reverse. 

With this value of R^ the live load stress in V2 may be 
obtained without actually finding the exact position of the live 
load which produces the stress. We know that loads 5 and 6 
are on, plus some more which are beyond the section, and do 
not enter into our moment equation. 

Center of moments at 6, 

8OF2 =40/^1- (60 +80)P =40X41,500- 140X16,000. 

72=7,250 lbs. {-) L.L, 
D. L.= 500 lbs. (-f) From former calculation. 



6,750 lbs. ( -) Total tension. 

f 

The case of F3 is much simpler. It is evident that the 
maximum tension occurs under full load as Z>4=0 for % full 
load. Therefore, with a center of moments at a, ' ; 

140 F3 = 80fli - (100 -f 120 -f 140)P == - 120P for live load. ' 
73=._.l20X^M9? = i3 7ioibs. (-) L,L. 
Dead load = 5,570 lbs. (-) 



19,280 lbs. ( -) Total tension. 

A graphic method for finding all the maximum stresses, 
except the tension in the posts, which requires but two stress 
diagrams, is often used for trusses with inclined chords. This 
is illustrated in Fig. 195. 

Fig. 195 (6) is drawn for panel loads of unity, distributed 
between the upper and lower joints in the same proportion as 
the dead load. If the stresses scaled from this diagram be mul- 
tiplied by the dead load panel load, the dead load stresses in 
all the members will be obtained, and if the scaled stresses for 
the chords and end post be multiplied by the live load panel 
load, the live load stresses in these members will be obtained, as 
these get their maxima under full load. For this purpose only 
the stresses in the members on the left of the center of the truss 
should be scaled, as they are the ones in action for full load. 

Fig. 195 (c) is drawn for a load at joint 1 only, such that 
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the left-hand reaction will be unity. For any other value of 
the reaction, the stress diagram will be a similar figure for all 
members from the left end of the truss to the point where the 
first load is met. As there are no loads between any web mem- 
ber and the left end of the truss when that member gets its 
maximum stress, this diagram may be used to find the maximum 
live load stresses in the web members, by multiplying the scaled 
stresses by the left-hand live load reaction for each position of 
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the load. These correspond to the live load coefficients in a truss 
with parallel chords. 



For IT 2 



Load 1 on 



iej= IxL. L. P. L. 

7 



D': 



Loads 1 and 2 on 



fii= 'XL.L,P.L, 

7 



D4 and V-s Loads 1, 2, and 3 on Ri= -XL. L. P. L. 

7 

D3 and V2 Loads 1, 2, 3, and 4 on Ri =y xt. L, P. L. 



D, 



15 

Loads 1, 2, 3, 4, and 5 on R\ ==—xL, L. P. L. 



Art. 138. 



STRESSES IN A PETTIT TRUSS. 



277 



These, in connection with the dead load stresses, give all of 
the stresses with the exception of the tension in the posts. 

138. Stresses in a Pettit Truss. For long span bridges 
the Pettit is by far the most common form of truss. The anal- 
ysis of the stresses offers no particular difficulties which have 
not already been explained in connection with the Baltimore 
and camel-back Pratt. Fig. '196 shows a Pettit truss with the 
sub-diagonals in tension. The two end diagonals extend over 
only one panel in this case; in some cases they are run over two 
panels, as in the Baltimore. 

It is evident that, as the inclinations of the two diagonals 
in a panel difTer, the vertical component of the stress in the 



22 



'24 






T 



9 



f f ♦t _ ^_ 

Tfi U l^l 13 yI2 11 10 

_':s: r^ j^tr—^JP—^ixp ' 



9 



f 




/ 
/ 



'lePftneis 9so'« sao^ 



Fia. 196. 



sub-diagonal no longer equals a half panel load. Its value may 
be found by vertical and horizontal resolutions, as was done in 
the case of the Baltimore truss (136), or by a moment equation. 
In Fig. 196 consider the forces acting at joint 19. Let ^3 = 
depth of truss at F3, i=length of D\ and p=panel length, 
then with a center of moments at 12, 



D'4.Xd3^nd3^Pp. 



sin 63=^, iy^ = ^P (a) 

I as 

I 



If the chords. are parallel as in a Baltimore truss, j-=^secO 

tts 
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and the sub-diagonal takes a half of a panel load as is proven in 
Art. 136. 

The position of the live load for maximum stress in a diag- 
onal where there is but one in action in the panel, as D^ and 
Ds, follows the regular rule of loading to the section. Where 
the section cuts a sub-diagonal as well as the member whose 
stress is desired, the moment of the stress in the sub-diagonal 
enters into the equation of stress. Again referring to the double 
panel 12-14, 

a = (n+m+z)pco« W3. x=^- — — -. cosOz^ — -. 

r^/ ^/ . . dt-da\di-\d^ _ f, ^. (r^+m+2)d, !„ 

""'^=^4?^ w 

This equation will be useful in getting the stresses in the bal- 
ance of the diagonals and in the vertical posts. 

As with the Baltimore truss, in some cases the stress in 
the lower half of a main diagonal is greater when the sub-panel 
load ahead is on. This may be determined by trial. 

For 1)4, the increase in the reaction due to the addition of 
the sub-panel load at 13 is f|P. The change in the* stress in 
1)4 due to this load is 



16 



arm of D4 arm of D4 



■ 1 Q 

If- IS grecUer than — n the loading foUows the regular ruLe^ 

di—dt 16 

for maximum stress in 2)4. 

The same process is necessary with regard to the main 
verticals. For F3, the regular rule would require loading up 
to joint 11 foj maximum compression; if two more loads be added 
the increase in the reaction is ffP. The change in the stress 
in Vz due to this addition is 

25 25 2di4-dm 

Pnp-(n+m-|-l)pP-(n-|-m-|-2)pPH-D'ia ^^ 



16 " 16 da-d, ^ 

(n-fm+2)p n-l-m+2 
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If— is greater than — n, the loading follows the regular 

di—dt 16 

rule J for maximum compression in Vz. 

For trusses with inclined chords, the loading for compression 
in the posts usually follows the regular rule. 

Tension in the posts. On account of the action of the sub- 
diagonals, the tension in the main posts will seldom be very 
large. In general there are two possible positions which must 
be tested. For F3 the load may. extend from the left end up 
to joint 14, so that the sub-diagonal at the top of 7 3 will have 
no live load stress, or it may extend beyond joint 12, thus reduc- 
ing the tension in D^ to a minimum. 

A few of the stresses will now be calculated to illustrate 
the methods. The following loads will be assumed : 

Weight of trusses and bracing =2200 lbs. per ft. 
Weight of floor system =1100 lbs. per ft. 

Total dead load =3300 lbs. of ft. of bridge. 

Live load =4000 lbs. per ft. of l)ridge. 

From these the following constants are obtained : 

Dead load panel load =33,000 lbs. 
Live load panel load =40,000 lbs. 

JX2200 1 



Q = 



3300 3' 



Diagonal D3. Loading from righi to joint 13. 
Center of moments at A , Arm of /^a = 1 18.0 ft. 
118.6D3=7iPxl00-P(120-f 140) =41)0P for dead load. 

= -PXl00 for live load. 
16 

4r0 X 33,000 ^ ^3Q 3QQ i^g (_) ^ jr^ 
118.6 ' 

= ^^^^^^^ = 191,800 lbs. (-) L.L. 
16X118.6 ' ^ ^ 



328,100 lbs. (-) Total. 

Diagonal D4. Applying the criterion developed for the 
position of the live load : 

rfj 35 „ ^ 13 13X5 , 1 



= — =3.5. — w = =4—. 

d.-dt 10 16 16 16 
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The second tenn is greater; therefore the loading extends 
to joint 13. 

Center of moments at A, Ann of I>4 = 118.6 ft. 

118.6Z>4 =7iP X 100 -P{120 + 140 + 160) +DUa =420P. D. L. 

=-PXl00-PXl60-f-Z)\a=—P for live load. 
16 * 16 

Di = *^ ^f '°°" = 1 16,800 lbs. (-) D.L. 

118.6 
^7980X40,000^^^3^200 lbs. (-) L. L. 



16X118.6 



285,000 lbs. (~) Total. 

Q4. 

Sub-diagonal DU =^ X33,000 =24,900 lbs. ( -) D. L. 

45 

=^X40,000 =30,200 lbs. (-) L. L. 

45 

55,100 lbs. (-) Total. 

Counter D's. Loading from left to joint 12. 

Center of moments at B, Arm of D's =269.1 ft. 
Do is not in action and D5 acts as a sub-diagonal. 
269.1Z)'5 -7iP X280 -P(300 +320 +340 +360) -Ds X299. 

45 

269.1Z)'5=580P, for dead load. 

269.1D'5=-PX600=375P, for live load. 
16 

580X33,000 ^^^^^^ (+) D.L. 

269.1 ' ^ 

^375X40^^ j^g ^^ 

269.1 ' ^ ' 



No reversal. 

Post F3, applying the criterion developed for the position 
(»f the load for maximum compression: 

2<i8+(ia _125 25 125 

rfa-</j~10' 16^"" 16' 

The first term is greater; therefore the loading follows 
the regular rule. 
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Center of moments at A . 

18073 =7iPX 100 -P(120 + 140 -f 160) -(l-g)PX ISO +D'4a 
=300P, for dead load, 

=^PX100, for Uve load. 

16 

y 300X33,000 ^ 55oooH)s (^.j di^ 
180 

-^><^^'^-= 91,700 lbs. i-^^)L,L. 



180X16 



146,700 lbs. (4-) Total. 



Tension in V^. As D's cannot come into action in this 
case (see above) the position of the live load will be either 14 
and 15, or 12, 13, 14, and 15. 

Loads 12, 13, 14, and 15 on: 

180F3=^PX420-Z>'4a=172.5P. L. L. tension. 

Loads 14 and 15 on : 

180 Ka =- X420 =7S.75P. L. L. tension. 
16 

The first case gives the greater tension, so, 

172.5X40,000 ^ QQ lbs. (-) L. L. 
180 ' ^ ^ 

Dead load from above =55,000 lbs. (+) 



No reversal. 

139. Skew Bridges. When for any reason the supports 
for a bridge cannot be made perpendfcular to the center line of 
the bridge, the bridge is said to be skewed. This is illustrated 
in Fig. 197. 

The span is usually divided into equal panel lengths along 
the center line of the bridge, and the inclinations of the end posts 
are made equal. This causes the end suspenders to be inclined 
and the end panels of the trusses to be unequal. 

The floor beams are usually placed normal to the trusses. 
This is done because the connections are more easily made and 
the construction is cheaper. 

The inclinations of the end posts are usually made the 
same, as this will make the portal bracing lie in a plane, other- 
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Wise the portal would lie in a warped surface. Warped portals 
are expensive to const met, difficult to connect and. are not aa 
efficient as bracing in a plane. 

The weight of the trusses and bracing is usually assumed 
to be equally divided among the panel points, but the weight 
of the floor system is proportional to the area of the floor trib- 
utary to the panel points. This will not make a great deal of 




Rg. 197. 



difTerence in the dead load panel loads of single track railroad 
bridgc^s, but in highway bjHdycs where tlie entire floor is covered 
with a heavy flooring there ' may be a considerable difTerence 
in tlie panel loads. 

In single track railroad bridges the live load is usually as- 
sumed to be applied on the center line of the bridge. This makes 
the live load panel loads all equal, if the panels are equal on the 
center line. In double track bridges, and in highway bridges 
where the live load is usually specified in pounds per square 
foot of roadway, the end panel loads will be unequal. The 
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shaded areas in Fig. 197 indicate the parts of the floor tributary 
to the panel points 6 and b\ 

The inclinations of the diagonals, the panel lengths, and 
the panel loads all being irregular, the method of coefficients 
cannot be used, but the stresses must be calculated from the 



moments and shears directly. 
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1. How do the weights of the various parts of a bridge 
vary from the supports to the center? 

2. How is the dead load estimated in a railroad bridge? 

3. How are the panel loads of dead load assumed to act? 

4. How much variation is usually allowed between the 
assumed dead load and the final estimated weight? 

5. Make sketches of some bridge in your vicinity, showing 
the manner of supporting the floor covering, the joists and the 
floor beams. Make an estimate of the weight of the floor per 
panel, and of the steel work. 

6. What stresses are required in a bridge design? 

7. When a partial live load is on the bridge, how is the 
partial panel load at the head treated? 

8. .What is the relation of the stresses in two trusses 
similar to Fig. 167, if the span and height of one are 120 ft. 
and 24 ft., and of the other are 105 ft. and 21 ft., respectively, 
if the panel loads are 24,000 lbs. in each case? 

9. In Fig. 167, what position of the live load will give a 
maximum stress in BC? What will the maximum stress in BC 
be if the span is 120 ft., height 24 ft., dead load 400 lbs. per lin. 
ft., live load 600 lbs. per lin. ft. of truss? 

10. In the case of Problem 9, what will be the position of 
the live load for a maximum tension in Be? 

11. W^here must the center of moments for a member 
lie in order for its stress to be a maximum for full load? 

12. What is represented by a coefficient of stress? 

13. Write the dead and live load coefficients on a Howe 
truss of 9 panels, all loads assumed to act at the upper chord. 

14. Write the dead and live load cosfficients on a deck 
sub-divided Warren truss of 8 panels; one third of the dead 
load as:.ii: icxl to aet at the lower chord and two thirds at the 
upper. 

15. Write the dead and live load coefficients on a deck 
Baltimore truss of fourteen panels with vertical end posts. 

16. What is the condition for maximum tension in Fj, 
Fig. 194? In Fg? 

17. Make sketches illustrating the four different trusses 
possible with different loadings, as affecting Fj in Fig. 194. 
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CHAPTER . XIII. 

STRESSES IN RAILWAY BRIDGES FROM WHEEL LOADS. 

140. Kinds of Stress. The live load on railway bridges 
produces stress in various ways. 

1st. Vertical static stresses due to the weight of the locomo- 
tive and train in any position. 

2nd. Vibratory stresses due to various causes, generally in- 
cluded under the term ** Impact." 

3rd. Horizontal static stresses due to the centrifugal force 
of the train, if the track is on a curve. 

4th. ' Longitudinal static stresses due to the momentum of 
the train, and friction on the rails when the brakes are applied. 

The vibratory stresses cannot be calculated, but are provided 
for in a more or less arbitrary way by taking a certain percentage 
(varying with different specifications) of the static live load stress 
as *' impact stress," or by using small working stresses (28). No 
account, however, is usually taken (except in the general design 
of the bridge) of vibratory stresses which do not act vertically. 
Horizontal vibratory stresses also occur even when the track is 
not on a curve, when the wind is not blowing and when the brakes 
are not applied. Stresses in bridges having curved track will be 
treated in Art. 176. The stresses produced by the friction 
between the rails and the wheels is of particular importance in 
viaducts (steel trestles). 

[ • 141. Loading. The live load on a railway bridge all consists 
of wheel loads, but nearly all railway bridge specifications require 
it to be assumed to consist of two consolidation engines followed 
by a uniformly didribvied load representing the train. ^ The 
weights on the wheels and their distances apart may represent the 
actual engine in use which will produce the maximum effect on 
the bridges, but they usually represent typical engines supposed 
to be heavy enough to provide for future increase of weight. 

Such a typical loading is shown in Fig. 198, which is Class 
jB40 of Cooper's " General Specifications for Steel Railroad 
Bridges." In Cooper's loadings the class number is the same as 

' TLe Specifications of the Pennsylvania Lines West of Pittsburg give a 
uniform load combined with a single concentrated load. Some specifications 
also give a special load on two axles 6 ft. to 8 ft. apart which governs for s!iort ^ 
spans. 
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the load on a pair of driving: wheels in thousands of pounds, and 
ten times that of the uniform load per foot. The other classes 
given in the specification are E27y E30y E35 and -B50, but any 

/ 2 S A S 6 7 9 tOUl2J3l4 /S/6 t7 tS 

^^PP99 ^o.P oozp OOOO oo oo J 
Coo pets C/ass E ^O Loading 

Fig. 198. 

intermediate class may be made by taking the loads in proportion 
to the class numbers. Since the spacing of the wheels is the same 
lor all classes, and since the loads on corresponding wheels are in 
direct proportion to the class numbers, any stress due to the iS?50 
loading, for example, is to that due to the -B40 loading as 50 is 
to 40. 

The i5^40 to ^60 loadings are those oftenest used for steam 
railways. One locomotive (engine and tender) of the JS?40 load- 
ing weighs 142 tons and covers a distance of 56 ft.; this is an 
average load of about 5000 lbs. per foot, while that of the drivers 
alone is much greater. For spans somewhat less than the length 
of two locomotives, the loading giving maximum stresses consists 
entirely of wheel loads because these give a much greater load 
than the uniform load following. The average weight of locomo- 
tive now specified by a number of the principal railway systems 
is over 200 tons.' 

142. Equivalent Loadings. On account of the lalwrious- 
ncss of calculating stresses from wheel loads as usually specified, 
many ^' equivalent loads" have been proposed, the idea being to 
substitute a simpler load which would give practically the same 
stresses as the wheel loads, or at least none that would 1)0 mark- 
edly smaller. Engineers are pretty well agreed that an equiva- 
lent load will give abundantly accurate results.^ In order to 
approximate closely to the stresses given by the specified wheel 
loads, a number of different uniform loads are used for each 

* For a comparison of different specifications sec article by the author in 
EnQ. Ncu'8, Vol. 50, page 444. 

*For a thorough discussion of this subject see Trans. Am. Soc. C. E., 
Vol. 42, p. 189. Also Eng. Navs. Also Johnson's " Modern Framed Struc- 
tures," Chapter VI. 



Art. 142. EQUIVALENT LOADINGS. 287 

bridge. Thus, a uniform load is used which will give the same 
maximum moment in the stringer as the specified wheel loads; 
another which will give the same maximum shear in the stringer, 
another that will give the same maximum floor beam concentra- 
tration (and stress in the hip vertical) ; and another that will give 
the same maximum moment or end shear in the ^ truss. A 
through plate girder is treated like a truss and a deck plate 
girder like a stringer. This method of equivalent uniform loads 
gives exact results then, so far as the maximum moments and 
shears in stringers, girders, and floor beams are concerned. In 
trusses, it gives results which are approximate except for the 
maximum moment or maximum end shear. This method ne- 
cessitates the determination of equivalent uniform loads for 
different spans, for shears and moments, for each t3rpical loading 
(only one set is needed for all Cooper Loadings). Having de- 
termined them for any particular loading for spans varying by 
suitable intervals, a table may be made or a diagram plotted 
for use in determining the equivalent uniform loads for any span 
lengths. This reduces the calculations to that for uniform load 
entirely and with results which, for ordinary bridges, may be 
accepted with full confidence.^ 

Some engineers calculate stresses from wheel loads and 
some use equivalent loads. One who is in the habit of calculating 
stresses from wheel loads can do so with facility, but never with 
the certainty and never in so short a time as from the simpler 
load. In most cases the uniform load should be used as a check 
if the stresses are calculated from wheel loads. 

In order to be able to calculate equivalent uniform loads, we 
shall consider briefly methods of finding maximum moments and 
shears from a series of concentrated loads. From the moments, 
we obtain the chord stresses and from the shears the web stresses. 

143. Preliminary Considerations in the Calculation of 
Stresses from Wheel Loads. The problem is to find the position 
of the loads that will give the greatest possible moment or shear 
at any point of a bridge. Having the proper position of the loads, 
it is a simple matter to calculate the moment or shear. (Chapters 
III to VI). 

The m aximum stress in any member may be found by trial 

^ For comparison of results by different methods, with those by wheel 
loads, see Trans. Am. Soc. C. E., Vol. 42, pp. 206 and 215. Also Eng, News, 
Also Johnson's " Modem Framed Structures,'' Part I, p. 246 (9th Edition). 
Also Du Bois's ** Stresses in Framed Structures." 



288 STRESSES FROM WHEEL LOADS. Art. 14j- 

that iSy by assuming a number of positions, calculating the stress 
for each position, and then comparing the results. This is indeed, 
in some cases, the quickest as well as the simplest way of arriving 
al the result, because the usual engine loadings are rather simple 
systems of concentrated loads. Certain simple criteria will, how- 
ever, be developed whose employment will, in onost cases, save time 
and enable us to determine if a certain assumed position will, or 
will not, give a maximum. 

It will be noted that, in general, it is not only a question of 
finding the position of a definite set of wheels on the span, but of 
finding what set of wheels miist be on the span. This can only 
Vf done by trial. To determine what set of wheels to try in any 
particular case certain fundamental principles will help. 

1. To find the maximum shear at any section of a solid 
beam, there should be as much load as possible bettveen the section 
and the further support, a7id its center of gravity should be as 
near the section as possible. There may be some load on the oppo- 
sits side of the section, as is explained in Art. 151. 

2. To find the maximum, shear in any panel of a truss, there 
should be as much load as possible between a support and the 
nearest panel point of the panel in question, and its center of 
gravity should be as near to this point as possible. There will 
usually be some load in the panel as shown in Art. 147. Loading 
the longer segment gives the maximum positive shear and loading 
the shorter segment gives the maximum negative shear. 

3. To find the maximum moment at any point of a beam 
(includes tmss) there should be as much load as possible on the 
span, and its center of gravity should be as near th^ center of 
moments as possible. 

These principles are applied roughly, of course, that is by 
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cooper's E40 LOADING FOR ONE RAIL. 

Fig. 199. 

inspection. A diagram of the loads should be made to scale 
on a piece of good paper or on tracing linen, as shown in Fif. 
199. By moving this " loading strip " along a diagram of the 
beam or truss drawn to the same scale, and keeping in mind the 
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above principles, the different positions to try will be limited 
to but a few when the following facts are taken into consideration. 

If a moment diagram be made for a series of wheel loads on 
a beam, as in Fig. 118, it is evident that the mdximum moment 
comes under a wheel. Of all the possible positions, therefore, 
which a series of loads may have, it is only necessary to try those 
in which some wheel comes, at the center of moments, if this ifl 
possible, because the maximum moment at this point is wanted. 

Likewise for shear, by principle (1) above, the shear increases 
a.s the loads move up to the section in question, and suddenly de- 
creases as a load passes the section, therefore, the shear is a maoDi- 
mum with a load at the section. This is illustrated in Pi^. 118. 

By principle (2) above, the shear increases as the lopds move 
toward the nearest panel point and decreases as a load passes 
this point, therefore (as in the case of a solid beam) there must 
he a load at a panel point for a maximum shear in the panel 
ahead. 

The above principles are not perfectly general because they 
assume that chord stresses are gotten from moments and web 
stresses from shears. 

144. Position of Load for Maximum Moment at Any 

Point of a Truss or Girder. In order to develop a criterion 

for the position of the typical loading that will give a maximum 

moment about any point, let us take some point cf the truss 

shown in Fig. 200, as point 6 for instance. Wo have, 

^ L — a\ — X ^ L — a« — x . ^ L — a% — x 
Rx=(^t J r"^2 — I r^« L 

M,=K,a--0,{a^a,^x)^Q, P-(^^-^P) , 




G, ^Resu/fant of 

Loads in hS 
G^ ' ResuJtanf of 

Loads in 5'7 
Gj ^Resultant of Loads in 7'IS 
G * Resultant of a// Loads on the span 

Fig. 200. 
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Substituting in the last equation for Bj and dififerentiating 
we have for a maximum, 

__ =.0== _ a+G,+G, X - 

^1+^2XJ (82) 

or ■=rc= 

L a 

This then is the condition for maximum moment at point 6. 
With nothing but concentrated loads on the span, it will, in gen- 
eral, be impossible to satisfy this condition unless there is a load 
at 7 or 5, part of which may ba counted with G2 and part with G^ 

or Oj. When all of the load at 7 is counted vriih (?2, ^l+^"> ^ 

a L 

and when all of it is counted with 6?3, ?dl^ <-^ provided 

a L 

this particular position gives a maximum moment at 6. It 

is evident that so long as equation (82) holds true, a change in x, 

that is, a movement of the loads, so that one will come at 7, will 

not change the moment M^, This will not be true if the movement 

causes any loads to pass 1, 5, 7, or 15, in which case G, G^ or G^ 

may change. G will change if there is any uniform load on the 

span, but in any case, the change in the moment M^^ will be slight 

as it will be due to a small movement. Hence we may always 

test by equation (82) with a load at 7 or 5, unless the uniform 

load reaches 7 or 5. With the type of loads usually specified, the 

uniform load would not reach 7 or 5. 

Equation (82) is used, therefore, to find what loads of those 
on the span (with one at 7 or 5) will give a maximum moment at 
6. Since several different loadings may each give a maximum, 
the moments must be calculated to see which is the greatest of 
these. With a little practice, it will not be necessary to test every 
possible loading by equation (82). 

When c=y2P as in a Warren truss, equation (82) becomes 

oo^tAo, (33) 

When c==p or when alternate weh members are vertical (as 
in a Pratt truss) equation (82) becomes 

J.= ^^L±^vX=^d:^ • (84) 

L a ^ n ^ ' 
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That is, the total load per foot on the span must equal the 
load per foot to the left of the point at which the maximum m^ 
ment is desired. In other words, if P be the load at the point, 

— must be greater than -j- and - 



a 



must be less than 



a 



G^ 

L 

Equation (84) applies at any point of a truss having a single 
system of web bracing with alternate members vertical, whether 
the chords are inclined or parallel. It also applies to any point 
of a girder or beam, G^^-G^ being the load to the left of the section, 

145. Maximum Moment in a Deck Plate Qirder. For a 

truss, moments are always wanted at the panel points, but in a 
deck plate girder carrying concentrated loads, the maximum wo- 
inent is wanted and the center of moments must be found. While 
this occurs near the center of the span, the maximum moment at 
the center is materially different from the maximum moment in 
the girder. (101). 

The problem is to find under which load and for what posi- 
tion of the loads the maximum moment occurs. In Fig. 201 let 
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Q—O. 



Assumed point of mojc. 



^ 
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6'Resu/ranr of a// Loads 
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mom. 



Fig. 201. 



the load at which the maximum moment occurs be at a distance x 
from the center of the girder, e is the distance of this load from 
the center of gravity of all the loads on the span. 



^ . dM 

For a maximum — 



max. 



=0= 



G 



dx L (^-2^> 

Therefore for a maximum e==2x 



(85) 

That is, the load at which the maximum moment in the girder 
occurs, must be as far on one side of the center of the girder a^ 
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the center of gravity of the toted load is on the other side of the 
center (101). In this case the load near the center becomes the 
point about which the maximum moment is desired, and various 
positions must be tested by equation (84) which becomes 

G ^ Gi 

L ^L'-x 
If the center of gravity of the total load is not easily located 
{z being therefore unknown) we must calculate the location of 
the center of gravity and determine if it is possible to have the 
assumed loading on the span and still satisfy equation (85). 
Then if P be the load near the center, placed Vo^ from the center, 
the loading will give a maximum moment at P if 
G. + P Q , G, G .86^ 

^Lqi^e Li \L -^ \e^ L 

The nearest wheel to the center of gravity does not always govern. 
146. Limits of Span for which a Particular Series of 
Wheel Loads will give a Maximum Moment. It is evident 
that for a girder of less than about 80 ft. span, the maximum 
moment will occur when the drivers of one engine are near the 
Diiddle of the span, and the smaller loads come on at both ends 
as the span increases, until both tenders are also on. If a certain 
number of wheels, say 5, give a maximum moment in a given 
span length, and 6 in another span length, there must be an in- 
termediate length for which both give the same moment. In Fig. 
202 for a maximum moment under wheel 4, the center of the span 
is 0.57 ft. to the left of the wheel, and in Pig. 203 it is 0.235 ft. to 
the right. In each case we can find Ej and A/max in terms of L, 



/?, 



Fig. 202. 



ff. 



^ ^'^ ^^'^^^'^^ '^•' g)^^ g) 



s 



iL — \ a 



Hg. 203. 
Putting the maximum moments equal to each other and solving 
for L we get the maximum span on which the loading of Fig. 202 
governs, and minimum span on which that of P^'ig. 203 governs. 
Of course we must test by equation (86) in order to make sure 
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that no other loading will give a greater maximum. For example, 
it may be a question whether adding a load at the left, or right 
of those shown in Fig. 202 will give a greater moment in a span 
longer than the limiting span for the 5 loads. It will usually be 
found that the maximum moment occurs when the 3rd or 2nd 
driver is near the center. 

147. Position of Load for Maximum Web Stresses in a 
Truss. The general case is a truss with one or both chords in- 
clined. Since in this case the web does not carry all the shear, 
we resort to the moment equation to get the stresses in the web 
members. 

Let us consider the diagonal 5-6 of Fig, 200. Taking the 
section pq the center of moments will be at /, and the stress in 5-6 
will be a maximum when the moment about / is a maximum. 

Substituting for li^ and dlfllercntiating we have, when M^ is a 
maximum 

dAf. _,, G^+OH-G,. (a-c+i) 

„^G,4— -^ («7) 

L p % 

Equation (87) may be written in a form more convenient in 
application thus 

«=0.(.-%.)_ei. ..,.....(88, 

Ox is usually and some load near the head of the train, as 
wheel 2, 3 or 4 at the right hand end of the panel in question (the 
load extending to the right) will usually give a maximum. In 
general there must be a load at 7 to satisfy (88) so that when it is 
counted with Cr, the second member of equation (8&) will be 

greater than -TFand when it is counted with G^ it will be less than 

O 

-jj* If equation (88) is satisfied without a load at 7, the moment 

about Z will not be changed if the loads are moved so that one 
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will come at 7 unless some loads come on or go off the span. Even 
in the latter case, the effect upon the shear in 5-7, and therefore 
upon the stress in 5-6, will be slight. Hence we may always test 
for positions giving maximum stress in a web member of any 
panel (by equation (S8) ) with a load at the right hand panel 
point of the panel. 

148. Particular Cases of the Application of the Criterion 
for Maximum Web Stresses. Equation (88) applies to any 
simple truss with a single system of web-bracing. In Fig. 200; 

When c==0, 5-6 is vertical and we have Pratt bracing. 

When c=p, 6-7 is vertical and we have Howe bracing. 

When c=y2p, we have the Warren type of bracing. 



becomes 



When the chords are parallel i= oc and equation (88) be- 

.. ..-!=<?» (89) 

In this case the chords carry no shear and therefore equation (89) 
is the criterion, for maximum shear in any panel} It will be 
noted that for parallel chords the criterion for maximum web 
stresses is independent of G^. Equation (89) applies, in Fig. 200, 
to 6-7, because 6-8 is horizontal. 

When i equals some multiple of a panel length, equation 
X88) is simplified, 

149. iHaximum Shear in a Pratt Truss. This is a particu- 
lar case under equations (88) and (89). The criterion for maxi- 

O 

mum shear then, in any panel, iB-j^=02. In general, this equa- 



2' 



I 



if c t 



£' 




tion is satisfied, as shown for (88), when there is a load P at the 



- 'Equation (89) may easily be derived independently of equation 
(88). 
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right hand end of the panel in question, and when G2<-fT and 

(?a+^^~j^ • In words, the total average load per panel must 

equal the load in the panel in which the shear is wanted. 

It should be remembered that for maximum shear in panel 
3-4, for instance. Fig. 204, a load near the head of the train (a 
driver) should generally be at 4, so that as much load as possible 
is concentrated at 4 and to the right of 4. A trial of 2 or 3 wheels 
at 4 by equation (89) will generally be sTuflBcient. 

For all web members the center of moments is at an infinite 
distance, but the section changes. For 3'-4 the section is pq and 
the panel in question is 3-4; for 3'-3, the section is Im^ and the 
panel also 3-4 ; for 4'-4, the section is rs, and the panel is 4-5. The 
position of the loads for a maximum stress in 3^-4 and 3^-3 is just 
the same. 

150. Fields of Shear in a Truss. From equation (89) we 
have G=NG2^ If P be the load at any panel point, G varies be- 
tween NG2 and ^^(6^2+^) for maximum shear in the panel to the 
left of the point where P is located. Then P governs for all panel 
points for which the position of the load is such that the total 
load on the bridge lies between NG2 and ^(Gj-j-P). The points 
en the diagram of loads at which G is equal to these two limits, 
may easily be found. Since the right end of the bridge must lie 
between these limits, when the load moves so that the end of the 
bridge passes from one of these limits to the other, the load P 
passes the panel points at which it governs for maximum shejtr. 
This range of P is called its field of shear. In this way we are 
saved the labor of testing a number of wheels at each panel point. 

151. Position of Load for Maximum Sliear io a Qirder or 
Beam. Let it be required to find the maximum shear at any point 
C in the beam of Fig. 
205. It is evident that 
the maximum shear 
at C occurs when 22^ 
is a maximum, so long ^ 
as there are no loads Fig. 205. 

to the left of 0. Loads coming on from the right and moving to 
the left increase B^ until P^ reaches C, when the shear at is a 
maximum. As soon as P^ passes C, the shear is suddenly de- 
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creased by P^. Now as the loads move to the left the shear is 
again increased (because B^ is increased and the 8heart=fij— P^) 
until P, reaches C, when it is again a maximum. This may be a 
larger or smaller maximum than the first, depending upon the 
relation between P^ and the other loads, and upon a^. When all 

the loads move a distance a^, R^ increases SP-j-. If this increase 

is greater than P^, P^ at C gives a greater maximum shear at 
than Pj at the same point This is the criterion for finding which 
of two consecutive wheels at a point will give the greater shear. 
It will be found that the first or second wheel of the first engine 
at C will usually give the maximum shear at C. It is sometimes 
a very simple matter to calculate the shear for several possible 
positions without testing by the criterion. It should be remem- 
bered that for maximum shear at C, we should have as much 
weight near C and to the right of it as possible and no load to the 
Jeft of it, unless such load will decrease the shear less than the 
movement to this position will increase Bj. If when P, is at 0, 
Pj has passed off the span, there has been a sudden increase of 
shear at C, which may have been still further increased by loads 
coming on at the right. 

The maximum shear in the beam occurs of course at the end. 

152. Maximum Floor Beam Concentration and Stress in the 
H i p Vertical. 

Let Pig. 206, re- 
present loads in 
two panels. It 
is required to 
find the criter- 
ion for maxi- 
mum load on the 
Uoor beam at B, or maximum B^. 

ABC is not a (•(mtinuous beam, but two consecutive panels 
of stringers. 




FiR. 206. 



T, ^ < f-\ JC ^y pi-(r-\-Jr-r: — ' I'^ yy 



Pt 



for maximum B^,-— =0 = 

dx Pt 7>i 

when the panel lengths are equal G^^G. 



Pi 

Gi Gt 
or — =— 

Pi Pi 



II 



(90) 
(91) 
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That is, the loads in the two panels must be equal for a max- 
imum load on the floor beam between them. With concentrated 
loads this will, in general, require a load at the floor beam so that 
part of it may be considered in one panel and part in the other. 

The criterion of equation (90) is the same as for maximum 
moment at B for a span of length Pi+P2> ^ ^^^V ^^ seen if (90) 

is taken by composition. We will have — ^= — = — j — = 
Q Pi P^ Pi+P^ 

, that is, the average load per foot on either panel must 



Pi+Pi 

e((ual the average load per foot on the two panels. This is the 

same as the criterion of equation (84) in which G^+Oz corres- 
X>onds to Gi and a to p^. 

There may be several different loadings which will satisfy 
the criterion for maximum floor beam concentration. Having de- 
termined the positions it is a simple matter to calculate the con- 
centrations. It is sometimes convenient to calculate the floor 
beam concentration from the maximum moment at the middle of 
a span equal to 2p, since the position of the loads is the same in 
both oases. If the panels are equal, G^=G2 and 

R2 = — ^(«2+2p— c+ai). -Mb =Kip— fl^i(c+.r— p— aj 
For span=2p Kj= o-^(c+a;— ai+a2+^)- Substituting we have 
Mb=-^ (c-fo;— aj+tta+a;)— (xi(c-}-x— p— aj. 

=-2^(«2+2p— c-faj. 
It is evident that if the maximum moment at B as given by 
the last equation is multiplied b^ — we get the maximum floor 

beam concentration JB,.* 

153. Stresses in a Pratt Truss from Wheel Loads. 

Fig. 207 shows a single track Pratt truss railroad bridge of seven 
panels. We will assume the following loads : 

Weight of trusses and bracing = 1650 lb:., per ft. of bridge. 

Weight of floor system =1000 lbs. per ft. of bridge. 

Total dead load =2650 lbs. per ft. of bridge. 



'A method of calculating bridge stresses from wheel loads, embodying 
this principle, together with a complete table for Cooper's ^50 loading, is 
given in Eng, News, Vol. 55, page 695. 
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^X1650 

g= -—=0.31. 

^ 2650 

Live load, Cooper's ^40 loading. 

The dead load coefficients are shown in Fig. 207. 

For the live load stresses in the chords it will be necessary 
to get the maximum moments at joints 4, 5, and 6. For joint G, 
using the loading strip with the principles enumerated in Art. 
143 in mind, it is seen that one of the drivers of the first engine 
will probably give the maximum moment. The criterion, equa- 



Ua 10 U4 n 




X K-IO-H 



Fields of Shear 
Fig. 207. 



tion (84), may be simplified in application somewhat by dividing 
both sides by the panel length, making it read 



N 



> 



< 



Gi-\-a, 



n 



C,-\-Cn-\-F 



71 



Using this criterion for joint G, we get tlie following results 
For joint G, the panel in question is 6-7, .V =7 and n = l. 
Wheel 2 at joint 6, 31 ft. of uniform load on: 



N 7 ^ 



Gi+G2 



= 10. 



Gi+Gt-^P 



=30. 



n 



n 



As the first term does not fall between the limits of the 
other two, the criterion is not satisfied. 
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Whed 3 at joint 6, 36 ft. of uniform load on: 

— =— -=50#. =30. =50. 

N 7 ^ n n 

This does not satisfy the criterion. 

Wheel 4 at joint 6, 41 ft. of uniform load on: 

AT 7 ' n n 

This satisfies the criterion, as 52 is greater than 50 and 
less than 70. 

Wtieel 5 at joint 6, 46 ft. of -uniform load on and wheel 1 off: 

N 7 ^ n n 

This does not satisfy the criterion. 

It will perhaps be found that some of the wheels of the 
second engine will satisfy the criterion for this joint, but the 
stresses given by them will be less than that for wheel 4, because 
there will be so much less load on the bridge. 

By the same process it is found that wheels 6, 7, 11, and 12 
will satisfy the criterion for joint 5, and wheels 10 and 11 for 
joint 4. 

The maximum moment at joint 6 occurs with wheel 4 at 
that point. Taking moments about the right-hand reaction, 
we get, in 1000-pound units: 

154 

Af6=/2i X22 - (10 X 18 +20 X 10 +20 X5) =4241.3 -480 =3761.3 
Jlf6=M8=LiX28 

^1=^2=^^^ =134.3 (-)L.L. 

=3X29.15X=^= 68.7 (-) D. L. 

203.0 (-) Total. , 
Similarly for joint 5, 

Wheel 6 at joint 5, M^ =6024.3. 

Wheel 7 at joint 5, ikfg =6016.4. 

Wheel 11 at joint 5, M5 =5751.7. 

Wheel 12 at joint 5, Ms =5768.9. 
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Ms = Mg =L3 X28 = C/2 X28, 
_L3 = f/2=-— -^ =215.2 {+)L.L. 

=5X29.15X^=114.5 (+)D.L. 

329.7 (+) Total. 
For joint 4, 

Wheel 10 at joint 4, A/4 =7166,1 
Wheel 11 at joint 4, M4 =7191.3 

M4 = f/3X28 

C/3=^^ =256.8 {-h)L.:L. 

=6X29.15X=i = 137.4 (+) D. L. 

394.2 (4-) Total. 

If the shear in panel 3-4 were zero or such as to produce 
tension in diagonal 10-3, the stress in L4 would be the same as 
that just found for C/,; but for this position of the load the 
shear in the panel is negative and 4-11 is in action. This will 
make the tension in L^ slightly less than the compression in 
C/j. The maximum stresses in the members f/,, f/^, and L^ 
are usually assumed to be equal. 

The stresses in the web members are obtained from the 
shears. The shear criterion, equation (89) is best applied by 
finding the fields of shear (150). The shear criterion may be 
written thus: 

Any wheel will satisfy this criterion at any point so long as 
the total load on the bridge lies between these two limits, with 
the load entering from the right. 

Wheel 1 governs from G=7x0 until G =7X10 =70, op 
from the time it (wheel 1) enters the bridge until wheel 5 is 
ready to come on. As soon as wheel 5 enters G becomes 90, 
and the criterion is not satisfied for wheel 1. 

Wheel 2 governs from G = 7X10 = 70 until G =7X30 =210, 
or from the time wheel 4 enters the bridge until wheel 13 is 
ready to enter. 
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Wheel 3 goveras from G =7X30 =210 until (? =7X50 =350, 
or from wheel 13 at the end of the bridge until 33 ft. of uniform 
load is on. 

Wheel 4 governs from G =7X50 =350 until G =7X70 =490, 
or from 33 ft. of uniform load on until 103 ft. of uniform load 
is on. This more than covers the 154 ft. of our span. 

These fields of shear are shown plotted in Fig. 207. The 
maximum shear in any panel will occur when the wheel in whose 
field of shear the right-hand panel point of the panel falls, is 
at that point. Occasionally a panel point will fall in the part 
where two fields of shear overlap. In that case both wheels 
must be used to find which will give the greater shear. 

The maximum stress in Z), occurs with wheel 4 at joint 6. 
This is the same position of the load that was found to give a 
maximum stress in L^ and L,, as it should be, because the stress 
in Lj is the horizontal component of the stress in £),. 

With wheel 4 oi joint 6y /Ji = 192.8 from the calculation for 
Lj. The portion of the load in panel 6-7 which is carried by 
the stringers to joint 7 is obtained by moments about 6. 

o 10X18-1-20X10-1-20X5 480 ^, ^ 

Ki = = =Zl.o. 

^ 22 22 

Shear in panel 6-7 = 192.8-21.8 = 171.0. 

Di=171.0X~g^ =217.4 (-h)L.L. 

=3X29.15X^ =111.2 (-h) /). L. 

328.6 (-h)Totai. 
Whed 3 at joint 5, 14 ft. of uniform load on: 

154 

P 230 -^. 

itfl= -r-= 10.4 



I •* 22 



Shear = 123.0 

P2 = 123.0X^ =156.4 (-)L. Lo 

=2X29.16X^=74.1 (-)D.L, 

130.5 ( -) TotaL 



302 STRESSES IN A PRATT TRUSS FROM WHEEL LOADS. Art. 153. 
Wheel 3 at joint 4f wheel 17, 2 ft. from end of span. 

154 
J? 230 

Shear = 81.4 
D3=81.4X— =103.5 ('-)L,L. 

= 1X29.15X^=37.1 (-)D.L. 

140.6 ( -) Total 
Wheel 3 at joint 5, wheel 14 at end of bridge, 

i2i=§I?5 =56.67 
154 

R^= ^ = 10.45 
22 

Shear =46.22 
Wheel 2 also satisfies the criterion at joint 3. 

^1=^=49.79 

154 

^4= ?9= 3.64 

22 

Shear =46.15 
Wheel 3 gives a slightly greater shear. 

QK ft 

7)4=46.22X^^=58.8 (-) L. L. Total. 

28 

Wheel 2 at joint 2, wheel 9, 4 ft. from the end of the bridge. 
ie.=^=26.4 

Shear =22.8 
JD'3=22.8X^ =29.0 {-)L.L. 

*\^ ft 

= 1X29.15X^=37.1 {+)D.L. 
No reversal. 
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Post 72. Wheel 3 at joint 4, 

72=shear « 81.4 (4-)L. L. 

= 1.31X29.15= 38.2 (-f) D, L. 



119.6 (-h) Total. 

Post Vs. Wheel 3 at joint 3, 

73=shear =46.2 (-f ) L. L. 

=0.31X29.15= 9.0 (-f) D, L. 



55.2 (4-) Total. 

For the hip-vertical, V^ we must apply the criterion for 
maximum floor beam concentration, equation (91), Art. 152. 

Gj =62. 

By inspection it is evident that wheel 12 or 13 at joint 6 will 
give a maximum load at that point. 

Wheel 12 at joint 6, (?i=43, P=20, Gj=53. 

If P be counted with G^ it makes the first panel load the 
greater, and if it be counted with G, it makes the second panel 
load the greater, therefore it satisfies the criterion. 

WTieel 13 at joint 6, G^ =50, P =20, G, =46. 

By the same reasoning this also satisfies the criterion. 

^WBieel 11 at joint 6, G^ =36, P =20, G^ =60. 

This does not satisfy the criterion. 

Wheel 14 at joint 6, G^ =60, P =20, G, =39. 

This does not satisfy the criterion. 

With wheel 12 at joint 6, the portions of the load in the 
two adjacent panels going to the floor beam 6, are found by 
moments at joints 5 and 7. 

Panel 6-7 ^,, 13X1+10x9+20x17 

22 
Panels^ j;,,13X3+20Xl2+20X17+20X22^^^^ 

22 

Fi =68.28 (-)L.L. 
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Wheel 13 at joint 6, 

T> ^a'7I> 10X4+20X 12+2 0X17 ^. ^ . 

Panel 6-7 i?6= ;c; =28.14 

r> 1 K A p 13X 3+13X8+20X17 +20X22 ., __ 

Panel 5-6 /C6= — =41.95 



7i =70.09 (-) L.L.Max. 
0.69X29.15=20.11 (-)D. L. 



90.20 ( -) Total. 

For the purpose of comparing the results obtained by the 
use of an equivalent uniform load (142) with the wheel load 
stresses, the stresses have been calculated for a uniform load 
which will give the same shear in the end panel as the wheel 
loadS; and tabulated below. ^ 

Comparison of Live Load Stresses. 

Member. Wheel Load Stress. Equiv. Uoiform Load Stress. 

Z>i 217.4 217.4 

D^ 156.4 155.2 

Da 103.5 103.5 

L>, 58.8 62.1 

D\ 29.0 31.0 

F, 70.1 57.0 

Fj 81.4 81.4 

F, 46.2 48.8* 

L^^L^ 134.3 134.3 

^L^^IK^ 215.2 223.8 

-L, = C/3 = C/, 256.8 268.6 

With the exception of the hip-vertical, for which the wheel 
load stress should always be, calculated, the equivalent uniform 
load gives results which are within about 4^% of the wheel 
load stress in the worst case, and which are all on the side of 
safety. 



^ Curves showing the equivalent loads for Cooper's loadings are given in 
Johnson's " Modem Framed Structures," Ninth Edition, Part I, page 251, 
and in Morris's '^ Designing and Detailing of Simple Steel Structures," page 
118. 
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154. Maximum Stresses in Trusses with Sub-panels. 

In Fig. 208 let us consider the members in the double panel 5-7. 
When the top chord 5'-7' is a maximum and when the diagonal 
6'-7 is a maximum there is no stress in the counter C'-7'. When 
the counter 6'-7' is a maximum, there is no stress in the diago- 
nal 6'-7. Hence the position of the loads for maximum stresses 
in these members, cut by the section Im, can be determined by 
the previous methods. The counter 6'-7' is determined cs 
9'-10'. 

The maximum stresses in 6-6' and G'-5 result from a maxi- 
mum load at 6, but 6'-5 may also take tension when acting with 
the counter 6'-7'. When 5-7' is .stressed, 6'-7 is not in action. If 
6' -7 18 not in action, the only stress in 6'-5' eomes from 6'-6, but a 
streffii in 6'-6 tends to produce compression in 6'-5, hence for max- 



Flg. 208. 

imam tension in 6' -5, 5'-7 and 6'-6 may be considered removM, 
and the stress in 5-7' is found as for a single diagonal in a panel 
(5-7) ecjnal to 2p. It must be remembered, however, that the 
maximum in ^'-7' comes whenthe panel 6-7 is considered, as 
given above. (136.) 

When 5' -6' is a maximum, 6'-7' is not in action. Now wfl 
Disy consider any load at 6 as carried to 5 and 7, and that that 
part of it carried to 7 is taken through 7-5' as though it had been 
brought to 7 by the stringer. Hence for a maximum in 5'-6', we 
may disregard 6-6' and 5-6' if we call the panel length 5-7^2p. 
Then we have the ordinary case of a single diagonal in a panel. 

For 5-5' we may do as for 5'-6', since they get their maxi- 
mum stresses from the same loading. 

For 5-7 the center of moments is at 5'. This case is evidently 
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unusual because a load at 6 will increase the moment about 5', 
while others to the left of the section decrease it. 

Jtfft^ =Ria—Gx[a—(ai+x) J+G2[a+2p— (oj+a;) 1-^ 

R,=G.+G,+G^ [ G.^-^+0, "-^+0,'-^] 

Substituting this value of B^ in the moment equation, we 
have then when M^^ is a maximum. 

^..^_ ^■+g; + g» a+6.-G, or ^ = ^1=^' • • - (^2) 
ax L ' ^ ' L a 

Equation (92) is the criterion for a maximum moment at any 
point of the top chord. To satisfy this equation, a load tuill, in 
general, have to stand at 6 so that a part of it may be considered 
with (?i and the remainder with (?2. Having determined the max- 
imum moment at 5^ the stress in 5-7 is easily obtained. 

155. Calculation of Moments and Shears by Wheel Loads. 

It is evident from the preceding discussions that, in the calcula- 
tions involved in getting maximum stresses in girders and trusses^ 
it is necessary often to know the distalice of any wheel from any 
other wheel, the center of gravity of any number of wheels, the 
left reaction, and the sum of the loads for any number of loads, 
and the sum of the moments, about any wheel of a number of 
preceding wheels. In order to save time and avoid mistakes as 
much as possible, tables are made and carefully checked, showing 
the total distances of each wheel from the first wheel, the total 
weight at any wheel, of all the preceding wheels, and the sum of 
the moments at any wheel of all the preceding wheels. 

Such a set of tables, which has been found of convenient 
arrangement, is given below (pages 307-310). The tables are 
made up for one rail of Cooper's £"40 loading. 

A diagram might be made showing the position of the center 
of gravity for any possible combination of loads. This would 
reduce the number of forces on a span to two or three for the 
determination of moments, shears and reactions. With a table, 
however, these are determined by dealing with the individual 
wheel loads. 

Another method of determining the moment at any point 
of a truss or the shear in any panel, is to calculate the panel 
concentrations, from the proper position of the loads and from 
these, the resulting moments and shears. This may be done 
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from the moment table by means of the following equa- 
tion, i 

p 

in which Pn^ concentration at the nth panel point. 
p» panel length. 
ilfn=sum of the moments about the nth panel point of 
all the loads to the left of this point. 
AfjH-i^'Sum of the moments about the (n + l)th panel 

point of all the loads to the left of this point. 
Jf„«i=8um of the moments about the (n— l)th panel 
point of all the loads to the left of this point. 

1S6. Equivalent Uniform Loads. For stringers and 
deck plate girders, the determination of an " equivalent uni- 
form load " practically amounts to determining by the preceding 
methods the maximum moment and shear for each span and 
then calculating the uniform loads per foot which will produce 
equal maximum moments and shears. 

The equivalent uniform load for trusses is usually based 
upon the maximum moment at the center of the span, or upon 
the maximum shear in the end panel of the truss. The former 
gives chord stresses that are a few per cent too large for trusses 
with an odd number of panels, and in all trusses gives shears 
which are a little too small. The end shear loading gives chord 
stresses which are too large, and in the case of long spans the 
error may be considerable. 

For multiple intersection trusses, draw spans, arches and 
cantilever trusses, the criteria for position of wheel loads to 
produce maximum stresses are complicated. Methods for ob- 
taining equivalent uniform loads for these are usually more or 
less approximate. 

Panel lengths for multiple intersection trusses should be so 
chosen that there will be a reasonable distribution of the loads 
to the several systems of web bracing. For example, if there 
are two systems of webbing, and the distance center to center 
of driving wheel bases is 56 ft., the panel length should not be 
28 ft. but preferably about 19 ft. 



^ For demonstiation see Johnson's ** Modern Framed Structures," 
Art. 101 , pag^ 87. (5th Edition.) 
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Art. 157 



157. Qraphical Methods.^ For finding the position 
of the loads for maximum moments and shears, the graphical 
method is elegant, rapid and accurate. The application of the 
criteria are nearly always made graphically. The stresses are 
usually calculated from the actual wheel loads by the use of 
moment tables. We shall consider the special case of a truss 
in which the top chord joints are vertically over those of the 
bottom chord. Fig. 209 is a diagram of Cooper's class -£^40 Load- 
ing (see Fig. 198), laid out so that the ordinate at any point is 
equal to the sum of the loads to the left of that point, that is, the 
heights of the steps- are equal to the wheel loads by scale. 

To find the position of the loads for maximum m^oment at D 
we use equation (84) , which reqtiires that the load per foot on the 
whole span be equal to Utie lojid per foot to the left of D. Now 
the* load on the span is represented by FH—EG and on AD by 
NM—EG or NK—EG, depending on whether load 11 is counted 
with the load on AD or DB, We must have then, if a maximimi 
moment occurs when wheelll is at D, 

NK—EG ^ FII-^EG , NM—EG f IT— EG 
■> 7-^ and — —r-f^ — ^ 




Fig. 209. 



* For a more extended discussion of graphical methods, see Johnson's 
" Modem Framed Structures," Ninth edition, Part I, page 218. 
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These three fractions are the slopes of the lines EK, EM, 
and EF, and since the slope of EF is greater than that of EM, 
and less than that of EK, wheel 11 at D will give a maximum 
moment. 

Therefore, when a thread stretched between the points where 
verticals from the ends of the span cut the ''load line," intersects 
the ''step-' over the load at the point where a maximum moment 
is wanted, this position will give one of the maximum moments 
ai the point. 

Having found the proper position of the load, the moment 
at D may be found graphically by placing a diagram of the truss 
on an equilibrium polygon for the typical loading, which must 
be drawn to the proper scale. After drawing the closing line 
the moment may be scaled off.^ 

To find the position of the loads for maximum shear in a panel 

we have from equation (89) -7: ==— , G being the total load on the 

AB p 

span, and Gj the load in the panel in which the maximum shear is 
wanted. In Fig. 209 lay off A'C equal to one panel length, regard- 
less of position for a maximum. Now if lines be drawn through 1, 

Q 

2', 3', etc., from A', their slopes will equal — . Now if we make 

P 
A'B'=AB, B'T^y B'T^, B'T^, etc., will represent the total load 

which may be on the span in order that equation (89) may 
be satisfied, when wheels 1, 2, 3, &c, respectively, are at the right 
hand end of the panel in question. Projecting points T^y Tj, Tg, 
&c on to the load line, we see that load 4 must be at B, the right 
hand end of the bridge, when load 1 is at the right hand end of 
the panel in question. That is, wheel 1 must be at the right hand 
end of all panels which it passes in going from B towards A, for 
maximum shears in those panels, until wheel 4 reaches B, or 
wheel 1 is said to govern for this distance. Likewise wheel 2 gov- 
erns at all panel points which it passes when the load moves from 
wheel 4 at B to wheel 10 at B, and wheel 3 governs at all points 
which it passes when the load moves from wheel 10 at B to wheel 
16 at B, The distances that the wheels move while they govern, 
are called their respective "fields of shear," and it will be found 
that these fields overlap by distances equal to the distances be- 
tween the successive wheels. 



^ A convenient form of equilibrium polygon and a description of this 
method may be found by looking up the reference given on page 312. 



314 GRAPHICAL METHODS. Art. 157. 

To find the shear graphically, take the necessary moments 
from the equilibrium polygon. The moment of the loads on the 
span, about B, divided by AB, will give the reaction at A. The 
moment of the loads in the panel, about the right hand end of the 
panel, divided by the panel length, will give the load at the left 
end of th/&^ panel. 

For 'Stringers and deck plate girders it is simplest to find, by 
trial, the. position of the loads giving maximum shear at any 
point. 
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1. It what parts of structures are longitudinal forces im- 
portant t 

2. What is ' ' impact ' ' and how is it taken into account t 

3. In a railroad bridge how are loads actually applied t 
How are they usually specified? 

4. The stress in a main diagonal of a bridge, due to Cooper's 
i?40 loading, is 420,000 lbs. What would be the live load stress 
ip. this diagonal if the loading were increased so that one engine 
and tender weighed 150 tonst 

5. Find the maximum span for which the four drivers of 
Cooper's engine will give a maximum moment and the minimum 
span for which the four drivers and the first tender wheel wiU 
give a maximum. 

6. Find the position of Cooper's Loading which will give a 
maximum stress in the top chord 2'-3', of Fig. 204. Span= 
120 ft. Find the position for maximum shear in panel 2-3. 

7. Prove equation (93). 

8. Why should the panel lengths be about 19 ft. for a bridge 
having two systems of webbing, if Cooper's loading is usedf 

9. Find the equivalent uniform load for center moment, 
and for shear in the end panel, for the truss of Fig. 207, for 
Cooper's EQO loading. 



CHAPTER XIV. 

STRESSES IN BRIDGES FROM HORIZONTAL FORCES. 

158. Wind Loads. The horizontal forces acting upon a 
bridge are those due to wind, and in the case of a railway bridge 
with the track on a curve, those due to centrifugal force. There 
are also stresses in the transverse bracing due to vibration and 
swaying of the live load, which cannot be accurately deter- 
mined, and which are taken care of by increasing the assumed 
wind load and by stiffening the general design. 

The maximum actual pressure of the wind from observa- 
tions covering nine years at the site of the Forth Bridge, ^ was 
41 lbs. per square foot on a small area of 1.5 sq. ft., and 27 lbs. 
per square foot on an area of 300 sq. ft. Other observations also 
show that the wind pressures on large areas never are so great 
as on small ones. This is probably due to the wind moving in 
gusts and eddies of comparatively limited extent. 

Bridge specifications require the structure to be designed 
for winds loads of from 30 to 50 lbs. per sq. ft. of exposed sur- 
face. Many specifications do not state the wind load in pounds 
per square foot, but in pounds per linear foot of bridge. The 
exposed surface is usually taken as double the area of one truss 
as seen in elevation plus the vertical area of the floor system 
considered solid. The area of a plate girder bridge is taken 
at 1 J to IJ times the area of the elevation. 

The action of the wind on the train produces a moving 
wind pressure which is usually taken at 10 sq. ft. X30 lbs. =300 
lbs. per lin. ft. of bridge. For highway bridges, on account of 
the smaller vibratory stresses, the specified live load wind is 
frequently reduced to half that used for railroad bridges. On 
account of the variable nature of the wind, some specifications 
require that both the dead load and live load wind pressures 
be treated as moving loads. 2 



» *' The Forth Bridge," Engineering, Feb. 28, 1890. 
* See American Railway Engineering Association Specifications for Sied 
Railway Bridges, Art. 10. 
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159. Lateral Systems. The horizontal forces are taken 
care of by horizontal trusses between the main vertical trusses, 
the chords of the latter acting also as chords for the wind trusses. 
The horizontal trusses are spoken of as lateral systems, and in 
high truss bridges we have a '' top lateral system " and a " bottom 
lateral system." At the " loaded chord " the floor beams are 
usually made to act as members of the lateral system. 

We, therefore, have, in addition to stresses from dead and 
live load, wind stresses in floor beams, and in the chords of the 
main trusses. Pony truss bridges and through plate girder 
bridges have but one lateral system. Deck plate girder bridges 
may have one qr two systems. 

The usual practice is to use adjustable rods for the diagonal 
members of ordinary highway bridge lateral systems, and angles 
with riveted connections for city bridges and railway bridges. 
These are all usually considered as tension members and therefore 
two diagonals are used in each panel. An exception is the deck 
plate girder bridge, whose lateral systems are usually Warren 
tiusses. 

The lateral system at the ** loaded chord" is assumed to carry 
all the Jive load, due to the wind blowing against a moving train 
or against vehicles moving across a bridge, as well as its propor- 
tion of the dead load. The other system is assumed to carry dead 
wind load only. In a bridge having but one lateral system, this 
is proportioned to take all the dead and live wind load. 

160. Deck Plate Qirder Lateral Systems. Fig. 210 
shows the top lateral system of a deck plate girder bridge. Fre- 




^' 



m 
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^ 



Fig. 210. 



quently no bottom lateral system is used, in which case the 
wind loads from the bottom of the girder are transferred to the 
top by cross frames placed at intervals, usually not exceeding 
sixteen times the width of the girder flange. 
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If we assume the live load applied equally to the two 
girders (Fig. 210), M will carry a half panel of dead load wind, 
and a quarter panel of live load wind, ct being a panel length. 
M is the top member of a cross frame. (Shown in Fig. 210 (a).) 
The intermediate frames are usually made heavier than would 
be necessary simply to take the wind stress. Similar cross- 
frames are also placed at qjo! and qq'. These are figured to 
carry all the horizontal forces to the supports. 

Since those diagonals which are in tension when the wind 
blows from one side are in compression when it blows from the 
other side, and, since it requires more material for a compression 
member than for a tension member, the diagonals are all propor- 
tioned for compression. Most specifications allow the chord 
stresses for wind to be neglected unless they exceed from 25% to 
50% of the total live and dead load stresses from vertical loads. ^ 
The calculation of the stresses is a simple matter. (131.) 

16K Through Plate Oirder and Pony Truss Lateral Sys- 
tems. For a Pony truss or through plate girder bridge, the later- 
als are usualJy calculated as tension members, even if they are 

.^^ made up of angles. Fig. 

211 shows the lateral 
system of a railway 
bridge. It is figured as 
^jf.^^ a simple Pratt truss- 
Fig. 211. one system acting when 
the wind blows from one side, and the other when it blows from 
the other side. 

The laterals are riveted to the stringers at their intersections 
to keep them from rattling and saging, but this is not supposed 
to have any influence on the stresses in them. The plane of the 
laterals is usually near the lower flange of the floor beams. The 
wind stress in the latter, therefore, need not be taken into account 
as it reduces the tension already there. In case there is no end 
floor beam, the end strut is proportioned for 14 the component 
parallel to it, from the end lateral, the other half being assumed 
lo go direct to the support. 

162. Deck Bridge Lateral Systems. Fig. 212 shows a deck 
truss bridge with top and bottom lateral systems and sway brac- 




^See Am. Ry. Eng. Assoc. Spec., 4th Edition, Art. 25. 
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Pig. 212. 

ing at the panel points. The bottom lateral system carries its 
part of the wind load directly to the supports* The reactions at 
the four shoes ''a'' are assumed to be equal The top lateral 
Siystem carries its load to the end sway frames at Ay and these 
take it to the supports. In this case of an eight panel bridge, if 
there is no end floor beam at A and the stringers rest directly on 
the abutments, we shall have 4 panel loads of dead load and 3V^ 
panel loads of live load wind going to the supports through the 
end sway frames. If there are end floor beams at A we will have 4 
panel loads of each, dead and liye wind load, going to the sup- 
ports through the end sway frames. No stresses are calculated 
for the iniermcdiaie sway tracing, but it serves to prevent distor- 
tion of the cross section of the bridge due to loads on the bridge, 
not symmetrical with the center line between trusses and to the 
excess wind load at the top chord over that at the bottom chord.^ 

The lateral systems are simple Pratt trusses and the chord 
stresses must be taken into account if they exceed 25% to 50% 
of the total live and dead load stresses due to vertical load. There 
is no stress in ab from vertical loads, but it will be in compression 
from wind loads. There may be a reversal of stress in some of 
the other panels of the lower chord, especially if the span is 
long and the dead load comparatively small. 

The stresses in the end sway frame are shown in Fig. 213. 

P «one panel of wind load. 

JS -"transverse component of end diagonal A'B^', (Fig. 
212.) 



^See Jdmson's ' Modem Framed Structures/' Part I, Art. 191. 



320 



DECK BRIDGE LATERAL SYSTEM. 



Art. 162. 



In addition to the stress here shown in axi' it is assumed to 
get \ oNhe total wind load on the Bottom lateral system. The 
horizontal reactions at a and a', are Jikewise increased. 



J^iP * 




iVR-^fy 



It is seen that a stress equal to (/2+P)— is oMei to the 



vertical load stress in the end post A'a\ 

\{ the support is at the top chord as shown in Fig. 214, the 

end sway frame is inclined and carries the wind load from the 

lower lateral system to A. The 
stresses are obtained in exactly 
the same manner as given above 
for the vertical end frame. The 
horizontal components of the 
reactions at A and A' produce 
a uniform stress in the top 
chords, compression on one side 
or truss and tension on the 




Fig. 214. 



other truss. These stresses increase the wint^ chord stresses. If 
the bridge in Fig. 212 was made with an inclined end post aB, 
the end sway frame, carrying the top lateral wind load, should 
be in its plane. In this case, as in that of Fig. 214, the hori- 
zontal components of the reactions would be taken up by a uni- 
form stress in the chord. 

The wind on the train tends to overturn it as- shown in 
Fig. 20, page 35. This increases the vertical load on the lee- 
ward truss and decreases it on the windwanl truss. The center 
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of moments should be taken at the panel point of the truss 
instead of at the rail, in figuring the increase of load on the truss. 
This will increase the lever arms a and b of Fig. 20. The in- 
crease of stress in the truss members due to wind is usually 
small with the exception of the chords; these receive stress 
both from the overturning moment of the wind on the train and 
from their action as chords of the lateral systems also. 

The wind load also tends to overturn the bridge and suf- 
ficient anchorage must be provided at the shoes to take the 
Hiflference between the upward pull of the wind and the downward 
reaction of the load acting at the same time. 

163. Through Bridge Lateral Systems. In a through 
bridge with vertical or inclined end posts, the top lateral wind 



B' C 




o\ 



load is carried by the lateral system to the tops of the end posts 
and must be transferred through portal bracing and the end 
posts, to the supports. The end bracing cannot extend to the 
bottom of the posts as in a deck bridge, on account of clearance 
for traffic; therefore the end posts must act as beams and will 
be subjected to both bending and direct stresses. (115.) 

There are transverse frames placed at the intermediate 
panel points also, to stiffen the bridge and reduce the vibration. 
These will transfer some of the top lateral load down to the 
bottom lateral system at each panel point. The amount of 
load so transferred will depend upon the relative stiffness of 
the two systems and of the portal bracing. It is frequently 
assumed that from one-third to one-half of the top lateral load 
is so transferred, the balance being carried to the portals. 
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Fig. 216. 



The top and bottom lateral systems are figured exactly as in 
a deck bridge. (162.) Fig. 215 shows the lateral systems of a 
through bridge. Each portal gets- a stress R equal to the trans- 
verse component of the end diagonal BC^ or B'C, and half the 
wind loads on Ba, Bb, Be, and BC, which may be called a panel 
load«P. 

164. Portal Bracing. The stresses in the portal brac- 
ing depend upon the condition of the ends of the posts. In 
practice, one or both ends may be partially or wholly fixed, as 
far as elastic supports will permit fixity. (112.) The end con- 
ditions are due mainly to the direct stress 
in the post, which always exists to some 
extent. This direct stress is due to the 
dead and live loads on the structure, and 
to the wind. 

End posts are nearly always made 
with two webs, each one of which trans- 
mits half of any direct stress in the post. 
This direct stress D o£fers a resistance 
to the turning of the end of the post equal to ^kD. See Fig. 
216. If ^kD is equal to or greater than the moment required 
to hold the end of the post in the line of its axis the ends may 
be considered fixed. (112.) 

The maximum resultant of all stresses in the post will occur 
when the live load is on the bridge and the wind forces are acting. 
The maximum stresses in the portal bracing will occur, in general, 
when there is no live load on the bridge. 

The problem of finding the exact stresses in the portal 
bracing is very complicated. The main factors which render 
it so are the following, (See Fig. 215 (o)). 

1st. The condition of partial fixity of the posts at a and B, 
2d. The distribution of the wind load reaction between 
the supports a and a^ 

3d. The deflection of the point F compared with that of B. 
4th. The stiffness of the connections at B and F. 
The wind loads will cause the portal to deflect somewhat 
as shown in Fig. 217. This figure represents the general case 
in which the lengths of the posts are different. This could 
scarcely occur in a bridge, but might be met with in viaduct or 
elevated railway work, where the same analysis of stresses will 
hold good. 
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\> If the location of the points of contrafiexure in the posts 
^ known, the stresses are very easily found. 

In our analysis we will make the following assumptions, 
which are not strictly true, but which will give results abundantly 
accurate for all practical purposes. 

1. The force acting at the top of the portal is equal to 
the reaction from the top lateral system plus one panel load. 

2. Neglect the effect of the direct wind pressure on the 
side of the end post. 



J ■ Rg. 217. 

3. The longitudinal deformations of the members of the 
portal frame are neglected. This gives F and F' the same 
amount of deflection as B and B'. '• 

i. The deflections of the posts are neglected in getting 
the lever arms of the vertical forces. 

There will be three general cases to consider: 

1. When the posts are fixed at both ends. 

2. When the posts are partially fixed at the bottoms and 
fixed at the tops. 

3. AVhen the posts are partially fixed at both ends. 
These will be considered separately. 
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165. General Case of Portal with Posts Fixed at Both 
Ends, In Fig. 217 assume F to deflect as much as B^ that is, 
the bracing to be rigid. So far as the post is concerned, we 
have the case of a beam fixed at both ends, a load at a distance 
a from one end and supports not on a level, as shown in Fig. 218. 

Since there is no moment at the points of contraflexure 
(89) the reactions /f, H', V, and V\ Fig. 217, may be supposed, 
when convenient, to act at the points of contraflexure. 
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Fig. 2.8. 

Taking hioments about the point of contraflexure nearest 
a, Fig. 218, we have, 

^2-^2^1=0 or Af,=/e,Xi (94) 

and for the equation of the elastic line (81) we have 



EI 52-=:^B^*-af,a:+ (C=0) 



dx 



(95) 
(96) 



(9») 



EIy=MiBtX*-V2M^'+ (C'--=0) (97) 

Substituting for M, from (94) and making x=a 

^/y,=i/<,B,a»-%B,o»«i (98) 

y'^m{^^y • 

Similarly if the shear B/ is in a' F' 

»'a=|^W-*x') (100) 

If Ff is rigid, 2/1=3/1' and we have, after substituting for 
B, and fi,' their equivalents, H and H\ 
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yi Hu^ ,. . Ha* ,. " . 

2EI ^^~^^^ ~T <^~^*) 

multiplying both sides of the equation by-g-, 

«^'(|a'-g/) 

. H r_ _a«J(K:-^ ^ 

i/'— ^«(^a--^T^ o'/'{ia— k) • ^ ' 

1 
Now ff+i7'=E+P ..... .7. (102) 

or ff'+'f ^') H'=Ii+PotH'(^ 1+ ^^=R+P from which 

«'-^^)— ■■ w 

If the posts have the same cross section /=/' and they drop. 
If the supports are on a level a=a^ and (103) becomes 

g-= ,,/+^ • -^^^^^ 

If as^a' and Xi=x/, (103) becomes 

J?' = ^ = (i2+P)7^ (105) 

f + 1 

In this case when / =/' we have H =H' =i(ft +P) (106) 

This case is treated in Art. 169. 

(102 and (103) determine H and H' when x^ and «/ are 
known. For the conditions given these depend upon the rela- 
tion between c and a and c' and a\ . The relation between c, 
a, and x^ will now be found. 

M^.= —^B^x-M,-Q (x-a) (107) 

This is the equation of the elastic line from F to R: 

JBI^=y2R2^'-M^.^Q (y2a:^-ax)+C, ...^.,.(108) 

The first members of equations (96) and (108) Sivk equal 
when x=a. Hence Ci=— i/^Qa*. 
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«/»=%fi^-%lf^-^ C%**-%«5*) -Wi»**+C, . . . (109) 
y=yi when x=s=a and when x=e 

EI«r=^e «««•-% M^'-Q (%«•_%«•+%«•) +C, 
8ubtracting-(^%B,(c«-o»)~% ltA(c*-«*)-V (%«*— Ve** 

whence 

■R._ i(c»— Sag'+Sa'c— q») i(c—a)* 

Q *(c»-a»)-ix. (c'-a')-(c-<i)[i(c«-H«:-K)-lxi(c-|-a)] 



i(e'-HK-fa*)— i«.(c-Hi) ^^^^ 

Alao the equation of the elastic line from F to i» is 

Jf.^.=i?2 §=af,(c-»)-Jf» (lU) 

EI -J=B, (<»-%*») -lf.«+C. (112) 

when a!==c,^=0=J?i(c»— %c»)— JfjC+C, and Cy=c3fi— i^lJiC* 

J^/ir=«i(%c«*— Jx*)— %Jfia:»-%BiC*»+cJf,«+C« (113) 

y=yi when a;=a and when x=c, whence 

Ob=iJ» (^_y2c»o+%ca»-io«)-Jtfi(y2«*-«c+%c«) 

^»=*i ^(Sr ^'^^^ (c-a)=iBi« (114) 

Mj=BiX„ therefore, BiXr=iSie and «r=i^ (U^) 

.V„=0==«j(c-«,)— Q(a— a;J— Jlf, (116) 

Mi=iRie=^R^{c—a) Bt=Q—R,. Hence 
0=Q(c-x^)-R,ic-x^)-Q{a-x^)-iQ(c-a)+iR,(e-a) 

Prom which %= ?nr-^!'-^~^ = J?rr.A (117) 

Q Jc— Jo— c+x, X,— i(o+2c) 

From (110) = , , . , l^'^T^^' , ■ , 

Solving for x, we get Xj== 1 , (US) 

OO-f-C 



When c=2a or a=y2C, Xi={a. (119) 

(x, would equal i/^o if B did not deflect.) 

When c^^ that is the portal is a single strut — a plate girder 
for example (see Art. 170) Xi=V^a (120) 
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These would ordinarily be the limits for the relation between 
a and c, and x^ would only vary from 0.6a to 0.5a. Even if a 
were only i c (which limit would very seldom be reached) a^ 
would be only 0.67a. 

In order that the above equations may be applicable (see 
Art. 164) y2*, D>iH>ii?i(c-a)>y2H (a-xi) (121) 

(See Equations (114) and (116) ). 

V2kJ) 5:jf.>i^,:^ H?i^ (122) 

Z> may be a direct stress or a reaction. Special precautions 
must be taken in the construction if it is desired to have a reouy- 
Hon which will make the end of a column ''fixed/' since an ex- 
ceedingly small change in the direction of the axis of the column 
will destroy this condition. In truss bridges we must depend 
upon the direct stress in the post to fix its ends. 

D is made up of V, (Fig. 217) except at B, the dead load 
stress in the post, and in some cases, also the live load stress. 
(164.) 

In Fig. 217 putting the forces H and F, and JT' and F' at a 
and a^ respectively, and taking moments of the external forces 
about the point of inflection in aF 

T =1 {{R^T) (c-xj +JI'(x,-c+c')+Ha:,+i«,e + 

y'=-^[(i2+P)(c-.x,)~iJ'(c-c'+a:/~xJ+ifi,e+i«/6](123) 
or 

y'=^ [ («+P) (c-x,:-£r'(fl-a'+a:/~a:,) +ie(iJ,+B/) ] (124) 

when c=c\ y=— F, and 

F'=— 1^=^ [(/2+P) (c-Xx)-i3r'(V-^i)+i«(«i+B/)] (125) 

when c=c^ and Xx=^x 

F'=-F=i [(B+P) (c-x,)+i^e(«,+B/)] (126) 

E^H (127) 



From equations (114) and (116) -Bi= p. v - and from 
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^- <"«) «.=F:|^) • "^' 

«=«.+=■= »^1j3|+*=^25^? w 

Becapitul'ation : 

Find Xi from equation (118) and x^^ from a similar equation 
in fl' and c\ Find H and H' from equations (103) and (102). 
Find Ri from (128) and B^^ from a similar equation in IT', a', 
and c'. Find V and V from equations (124), (125) or (126). 

Now all the stresses may be found. 

At B Stress in BS'=B+y2P |-«i=*+%i*-Hfl ^—^•- ' (^^> 
At B' Horiz. Comp.B'J!'=BB'+y2P+i?i'=B4-P+i2,+B/(131). 

At F, Using equations (129) and (102) 

Horiz. Comp. B'P=FP'+0=PP'+|fl''^^ +fl 

FF'=R+P+iB^^+i H'^-iH^-H. . ( 133) 

r=lf'+ I fl* '^i:^.' =Jl'+2?/ .(134) 

The mazimom stress in a'B' ocears at F' or a' and equals 
per. sq. in. 

DL+LL + r , ir(af-<if,)Xv!idthof a' B* (135) 

^ T + 2T' ^^^^^ 

whichever is the larger. 

The maximum stress in aB occurs at F or a and equals per 

^g. in. 

DL+LL—V , H(a^^x)X width of aB /lo^v 
A + 27 ^^^'^ 

DL4-LL—V , Hx^Xtfndth of aB ..«qv 

whichever is the larger. 

-4.= gross area of cross section. 

I>Z^=stress from Dead Load. LL=8tress from Live Load 
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V produces no stress in BF. T' produces a uniform stress in 

When the wind blows from the opposite direction the condi- 
tions in the posts are reversed. Both cases must therefore be con- 
sidered in order to find the maximum stresses. The same is true 
of BB^ and FF\ the stresses in which will, in general, change, as 
can be seen from (130) and (134). The stress in BF^ will be the- 
same as in B'F, See Eq. (131). 

The connection at B should be designed to take the stress in 

BB^ and the vertical component of B^F=V, although these 

stresses do not act simultaneously. The connection at B/ must 

take the horizontal component of B^F, an amount equal to the 

stress in BB' going to BjB', and an amount equal to % P+B/ 
going to the post. I^he connection at jF' takes the stress in FF^ 

while at -P, this much of the horizontal component of B^F goes to 

FF^ and the balance into the post. At F the vertical component 

of B'F=V goes to the post. 

166. General Case of Portal with Posts Fixed at Top 
and Partially Fixed at the Bottom. Assuming as in the 
previous ease (see Fig. 217), that F deflects as much as jB, the 
distribution of the load between H and H' may be found as 
follows : 

For X greater than a (See Fig. 218). 

EIp ^M^-R^+Qix-a) (139) 



EI % =3f^-%JJ^+Q(y2a5*-aa;)+C, 



dx 
-^-=0 when x=c, whence Ci=^B,c*— ilf,c— QCV^c*— oc) 

-B/^=^,(x-c) _y2JJ,(a;»-c»)+Q(y2«*-fl«-y2C*+a<5) (140) 
For X less than a 

m g=jif,-ii!^. (ui) 

EI ^ =iif^-y2ie^+c, (142) 

When «=o, ^ from (140)=g from (142). 
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Jf,«— i4U^»+C,=Jf,(a— c)— %J?,(o*-c*)+Q(%a»-a»— 
%c»4•ac) 
C,=%B^»-lf^-%0(a-c)* (143) 

Ely=i^M^^-yaB^+C^+ (Cr=0) (144) 

C, is given by equation (143). 

There is nothing in the derivation of equation (115) whi«^ 
will prevent its use in this case, in fact, the same relation may be 
derived from equation (140). We have then Xg==ie and taking 
moments about the upper point of inflection. 

t^e=B,(a-H«)-if, 

Mr=B^ and M,'—B/x/ (same as 94). (145) 

^B di2=i£L (146) 

Making x=a and substituting (145) and (146) in (144) 

=iJA(%^^-«c)+%B,(ac*-.ia«)+%ajB,^±^:i5(a-c)« 

=m[ «(i«+«)-*i(«+«)] (1*7) 

similarly 

yi'= ^ [ «'(K+c') -«x'(«'+c') ] (148) 

Now since «,=!?, i2,'==H', H+H'^R+P and !/i=yi' .... (149) 

J^ [ a(ia+c)-a!i(a+c) ] 



^ '' rfr [ «'(i«'+c')-»i'(a'+c') ] 

^'_ a/'[a(ia-f-c)— a-i(g+c)] 
if ~ a'/l<i'(Ja'+c')-«x'(a'+c')] 

~ o'J[ a'(ia'+c')^-xi' (a'+c')] ^ ' 

a/'[a(ia+c)-a?.(a+c)] "^^ 
If /=/' both drop out of the equation. 
If the supports are on a level a=a' and 
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ff/= ?i£ (151) 

I |a(^a-|-c)-x/(a+o)] 

If fl=a' and rr,=a?/, ff'= "" "^ ^ =(ig+f ) -^f^ (152) 

— + 1 

Equations (14&) and (150) determine J7 and H^ when x^ 
and x^^ are known. These depend upon M^ and Jlf,^, which in 
turn depend on V, We must therefore solve by approximation. 
This can be more readily done if we transfer (150) as follows. 
Prom the derivation of (150) above, 

H'" ar\a{la+c)-x^{a+c)] 

For convenience let tn'=o'(ia'+c'),r/=(a'-f c'), wi==a(ia+c) 



and nF=^{a+c), then ^77- = — j^. t- 

Mi M* 

Now from (145) a;i=-waud 35/= "^ • • • (same as 94). (154) 



Then aZ'iI(w-MarO=a'/JT'(m'-nV) 

arHm-^arHnxr=a'IH' m'-^a'IH'n'x^' 

substituting from (154) 

arHm^arnMr==a'in'm'^a'Ip'M^' 
since H=B+P'-'H' 

aVm {R+P) -'armW^arnM^=a'Iiirm''^'M^') 
_ aP [m ( R+P) ^nM^] +a'In'M/ 

ariaga+c) (R+P)^(a+c)M,]+a'I(a'+c')M,' 

a'la' (K+cO +ar (ia+c) a ^^^^^ 

When a=a\ c==c\ {m=m\ 'nF=^^) and /=/' 

ff'=%[iJ+P+-^^ (if.'_iMi)] (156) 

Get F ahd F' from equation (124) or (125). 

Iir=H and iJ,'=ff' (157) 

JJ,«|H ?:Z^« and JJ/= i^'^. (158) 

Q=iJi+fl and ^'=B/+H'(See Eq. (129) ) . . . . (159) 
To solve any particular problem, first find the approximate 
mean value of x-^ and x\ by 

iTK+TJ^^ (for a^') 



I 
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Id this value of 2>, "F is neglected. With this mean value, callincr 
jg-=://' in (158) find an approximate value of V from (124). 
The second term will become zero, but this will be a close approx- 
imation of F. With this value of V find D and !>' and ATj and 
Mn\ Substituting the latter in (155) or (156) we get H\ and 

With these approximate values of H and W we get from 
(154) and (158) values of x^ and x/, R^ and 22/. These in (124) 
give a new value of V. This should not differ much from the 
first approximation. Generally the effect of a change in V on H' 
can easily be seen without again going through the entire calcu- 
lation. 

167. General Case of Portal with Posts Partially 
Fixed at Both Ends. In this case both x{ and x^ will be 
less than in the first case with both ends of the columns fixed. 

The distribution of the load between fl^and H' may be found 
as follows : _ 

Whenx>a, 

EIp^R.ic-x) -M, (160) 

ax* 

EI ^=i2,(cx-ix2) _M ,x+C, (161) 

I 

EIy--R,iicx^-ix^) -iAfiXS+C^x+Cj (162) 

When x^a and X'^c in (162), y—yu and 
Ci=iMi(cH-a) --J/2,(c2+ac-}a2) (163) 

When xKUj 

EI^£=M,-Hx (164) 

EI^^M^x-iHx^+C, (165) 

EIy=iMjx2-lHx^+C^ + (C^=0) (166) 

When x=0,y =0, and C« =0. 

f 

When x=a, ^ from (165) =^ from (161) 

ax ax 

C3=i/fa2-J/?j(c-a)2-M,a-hiMi(c-a) (167) 
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When x=^a in (166), y=yi, 

Ely , =^Ha^ -^3/ ,a2 - J/2,a(c -a)2 +iM,a(c -a) . . (168) 
J5;/yi = (same as (168) with the letters primed).. .'. (169) 
2 Moments about Q =0 (Fig. 218). 

^' ^Z^— (170) 

j/,=j/', and H=R+P-H' (171) 

Combining (168) and (169), and substituting frcm (170) 
and (171), 

y [2(fi +P)a(2a -c) - J/t(5a -2c) +Jlfi(c -o)! +^\ ilt\Sa' -W) -»ti'{e' -a')] 

^''- 2-ai 2^T^-^ ^ (172) 

^(2a-c)+^(2a'-cO 

When a=a\ c^d ^ and /=/', 

H' KJ? I P) I <^''-^'>(5a-2c)-(M/-i>/.)(c-a) . 

4a(2a— c) 

Equation (123) becomes 
F' = -F=i[(ft+P)(c-xJ-i?'(a-a'+a:/-xO+M, + M/](174) 

^i=i*i^i and Af2=iA;2D3-ffxt.. . (175) 

Ml =\k;Dl and M/ =iA:/D/ =/r'a;/ (176) 

It will be necessary to determine H and Xj for two cases, 
one with the live load on the bridge and one with no live load 
acting. 

Di=DL or DL+LL ! . (177) 

D.'^'DL-^V or DL-^-LL-^V^^D^ (178) 

D^=DL-V or DL-^LL-^V,..., (179) 

Since M,' will be greater than M^, x/ will be greater than 
a: J. We can find a value which will be nearly a mean of the two 
by using equation (172) or (173) to find H' and neglecting V 
in equations (175) and (176). We have then: 

Approx. mean value of Xi and x/= ' * ; . . . ; (180) 

Since M^ does not involve V it can be determined at once 
from (175). Guessing at a value of V, an approximate value 
of Af/ for use in (174) is obtained which may be revised as 
soon as V has been approximately determined. M/ can be 
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revised and again applied in (174), neglecting the second term, 
which is small. New having a close approximation of V, we 
can find approximate values of D, and D,', Af j and M^' from 
(179), (178), (175), and (176). From (172) or (173) we can 
find the corresponding value of H\ From (175) and (176) we find 
the first approximate values of x^ and x/. Now a revised value 
of V can be found and applied to get as before new values of 
H'j H, Xj, and x/. This process may be continued until the 
required degree of accuracy is attained. 

The stresses for this case are found in exactly the same 
manner as for the first case, but the formulas in the recapitu- 
lation of Art. 165 have to be modified, because R^ and Q are 
diflFerent. We have: 

ff(a-Xi) =i?,(€-a:,) (181) 

and R{t^^ikJ)y^My^ (182) 

from which R^-^^Hia-x^i -hM J (183) 

e 

and a;,=^ (184) 

Q=R^+H ; (185) 

BB'''R+iP+R^=R+iP+—[Hia-x^)+M.;\ (186) 

Horiz. Comp. jB'F=ie-f P4-i?i+i?/==iB+P-f-^fl'(a-f x^) 

e 

+H'(a'+x^') +ilfi+M,']. . . .(187) 
FF'=H' +R/ =ff' +-^H'(a' -x,') +M ,'] (188) 

6 

The maximum stress in the posts may be gotten from equa- 
tions (135) to (138) inclusive, remembering that H and H' are 
not the same as in (186), (187), and (188). 

When the wind blows in the opposite direction the same 
remarks apply as in Art. 165. 

168. Particular Cases of Stresses in Portal Bracing. 

We shall now apply the general formulas which have been devel- 
oped, to the usual particular cases of construction of portals. The 
various cases will be distinguished by numbers followed by the 
letters a, b, and c. The letter a denotes that both ends of the posts 
are fixed; the letter b that the posts are fixed at their tops, and 
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the letter c that both ends of the posts are only partially fixed. 
(The case of one or both ends not fixed cannot occur in practice.) 

In all the cases which follow we take the supports on a level 
and assume the posts to be alike. Therefore 

a'=a, c'=c, r=I 

It may happen, in any particular portal, that all three cases 
a, b, and c, occur, depending upon whether we are considering 
the windward or leeward post, or whether the posts are under 
dead load stress only or both dead and live loads are acting. 

169. Case No. 1. Simple X Bracing. 

Case No. la. Portal with Posts Fixed Top and Bottom, 

In this case x{=x/ and 

^ ,. /--.rtx a(n4- r) 

from equation (118) X{=^^-~ — - 

from equation (106) ^=^'=1/2 [2?+P] 

from equation (128) R^=%\R+P]'^^^^^=^B/ 

From equation (126) 

F=-T"= ]- l(B+P) {c-x,)-rleR{] 

= i-I(U+P)(c-a;,+ ^')] 

= ^[(7?+P)(c+y2a-fxJ] 
from equation (130) 

Stress in BB'=B+y2P+%(.R+P) ^—^ 

e 

from equation (132) 

Horiz. Comp. B'F={B+P)( 1+ H^Z^ \ 
from equation (134) 

Stress in FF'=y2 (R+P) 1+^^f^) 

from equation (136) Maximum stress per sg. in. in 

DL+LL+V y2(R+P)XiXwidth of a'B' 
a'B'= -^ + 22 

From equation (138) Maximum stress per sq. in. in 

DL+LL-Y yo(B+P)XiXmdth of aB 
aB= ^ + 21 
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Fig. 219. (Case No. 1.) 
(Stresses given are for Case No. la.) 



The connection at B takes the stress in BB' and the vertical 
component of 5'i^=F, but these do not act simultaneously. When 
the wind is reversed, this connection takes the horizontal compo- 
nent of BF', an amount equal to the stress in BB' going to BB' 

ft J* 
and an amount equal to V^P+%(^+^) -'going to the post. 

The connection at F takes V2 of the horizontal component of 
B^F into FF' and the other half into the post. At the same time 
the vertical component of B^F=V goes into the post. 

If aB is inclined as shown in Fig. 215, the stress in the bot- 
tom chord of the truss from the top chord wind forces will be 
±y sin 0. 

Case No. lb. Posts Fixed at the Top and Partially Fixed 
at the Bottom. In order that a post may be fixed at the top we 
must have from equation (121) i/^A;j2>=Jlfi=j€jRi=i^ff (a— rcj) 

taking 27=i/o(^+P), and x^= ^^|^^ if equation (122) is also 
satisfied we have Case No, la. 
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In case No. lb a;i'>Xi and H'>H (Fig. 217), although a=a' 
and c = c'. 

This case must be solved by approximation as indicated in 
Art. 166. Having thus found xi, Xi\ H, H\ V and V we find the 
stresses exactly as in No. la. This will be illustrated by an ex- 
ample. 

Let us take a single track through railroad bridge of 8 panels 
at 24 ft., with a depth of 36.2 ft. and a width center to center 
of trusses of 16.5 ft., end posts inclined. 

The dead load stress in the end post is 100,000 lbs. and the 
live load stress 212,000 lbs. The portal is connected so that in 
Fig. 219, c=43.5 ft., rt=31.5 ft., e=12.0 ft. C, to C. of bearings 
on top pin r=r:ft^=r20 in. C. to C. of bearings on bottom pin= 
k^=21 in. 

* 

Wind Load per ft.=150 lbs. on top chord. Wind Load per 
Panel=P=3,600 lbs., 7e=2i/2P=9,000 lbs. R+P=12fi00 lbs. 
Top: y2fci2>=10X 100,000=1,000,000 in. lb.s.=Z). L. Mom. 

• =10X212,000=2,120,000 in. lbs. =L. L. Mom. 

3,120,000 in. lbs. =Total. 

This is at 5. If the post is fixed at this point, it certainly will 
be at B^ also. 

Bottom: i4&j^.=10. 5X100,000=1,050,000 in. lbs. =Z). L. Mom. 

=10.5X212,000=2,230,000 in. lbs.=L. L. Mom. 

3,280,000 in. lbs,=Total. 

^ ^. ,,oiN i# 12600, , 

From equation (121) My= — j — (a— Xi), 

31.5(3^5+43.5) 
^^~ 94 5 + 43.5 ~^''^ 

j^_l2m (31 5_i7 i)=45 300 ft. lbs.=544,000 in Jbd. 

Since this is less than V^k^D above, the tops of the posts are 
fixed. 

.1/,=.i/2(l?+P)a;i=6,300Xl7.1Xl2=l,290,000 in. lbs. 
Since this is more than ^A;^/) under D. L., not considering 
V which will make the difference stiU greater, the bottom of the 
post is partially fixed under dead load only. On account of the 
Large margin it will evidently be fixed when the live load is on 
the bridge. We have then only the former case to consider here. 
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Neglecting V and calling n=n\ we get nearly a mean value 

• - _ V^D l.a50,000 __ . ^^ ^ ^ 

jOI Xi and x/ from , /^ ■ pv = — goQi) — =167 m.=13.9 ft. 

From (158), Ey= fff ^^^ Taking H as above 

«, approx.=iX C,30C lo =13,800=g/ approx. 

From equation (125) 

= j^ [12,600(43.5-13.9)4- ^ 27,600] =29,300 

P=100,000— 29,300= 70,700 lbs. 
D'=100,000+29,300= 129,300 lbs. 
Jf,= 70,700X10.5 = 742,500 in. Ib8.= 61,900 ft. lbs. 
lf/=129,300X10.5 =1,358,000 in. Ib8.=113,200 ft. lbs. 

Mt'—Mr= 51,300 ft. lbs. 
From equation (156) 

H-y,(12,600+ ^i,4\gt+43.5) 51,300)=7,430 
H=12,600-7,430=5,170 

61,900 ^/-ilMOp-i^off 

^ "M^ =li5.U It. % =3 ""7430" =1^-2 ". 

and Trial 

B,= 4 X 5,170 ^^^=^ =12,600 

22/= I X7,430 ^^-^-J^'^ =15,100 

F= j^ [12,600(43.5-12) -7,430X3.2+^ X 27,700] =29,300 

Since this is exactly what was used in the first trial we need 
not again calculate H and x^. 

In any case V will not vary much from the first approximate 
determination, and it is readily seen what effect a change in F 
:iiill have upon M^, M^ and B\ 

Now we have Xi=12.0 ft., a;/=15.2 ft., ff=5,170, H'=7,430 

JB,=12,600, ii:i'=15,100 
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From equation (130) 

Stress in BS'=9,000+1,800+12,600=23,400 lbs. 

Prom equation (131) 

Horiz. Comp. B'F=23,400+1,800+15,100=40,300 lbs. 

Prom equation (134) 

Stress in Fi^'=7,430+15,100=22,530 lbs. 

Thf* maximum stress in the posts occurs at a' but this comes 
under case iVo. icr, as the live load must be on the bridge. 

Case No. Ic. Posts Partially Fixed Top and Bottorn. As in 
the previous case we first test by equation (121) and (122) to 
see whether or not either end of either post is fixed under any 
condition of loading. We solve by approximation in a manner 
exactly similar to the previous case, using equations of Art. 167. 
This will be illustrated by an example. 

Let us consider a highway bridge of 150 ft. span with 9 
panels at 16.67 ft. Depth=22 ft. 6=17.17. DL=630 lbs. per 
lin. ft. LL=-.1,600 lbs. per lin. ft. End Posts inclined. 

DL Stress in End Post=26,400 lbs. 

LL Stress in End Post=66,800 lbs. 

93,200 lbs. Total. 
c=28ft. 0=20 ft. 6=8 ft. fci=9in. ^2=91/2 in. 

P=150X16 1 =2,500 lbs. B+P=16.67X150X4=10,000 lbs. 

Now let us test for fixity of the ends of the posts. 
Assuming the ends tixed, 

in *• /11o^ 20(20 + 28) 20X48 

Prom equation (118) x,= eO + 28 88 =^0-9 ft- 

Prom equation (106) H=n'=y2(R+P)=oflOQ lbs. 
Prom equation (128) 72i= | X 5,000 ^^^--^:^^=8,500 lbs.=«/ 

Prom equation (126) V= jJ-pj (10,000X17.1+ I X 17,000) 

=12,600 lbs. 
Prom equation (121) 3/i=|X 8,500=22,600 ft. lbs. 

=271,200 in. lbs. 
Prom equation (122) ^,=5,000X10.9=54,500 ft. lbs. 

=654,000 in. lbs. 

Top : Yzk^D =4.3 X 93,200=420,000 in. lbs. at B with LL on. 
or =4.5X26,400=119,000 in. lbs. at B with DL only. 
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y2fc/Z>'=4.5X (93,200+12,600)=476,000 in. lbs. at B' with 

LL, on. 

or =4.5X <'26,400+12,60a)=175,500 in. lbs. at B' with 

DL only. 

These values are greater for live load stress and less for 
dead load only acting, in each post, than the value of M^, There- 
fore the posts are partially fixed at the tops under dead load 
only. 

Bottom: V2ft2^=4.75(93,200-12,600)=383,000 in. lbs. at a 

or -=4.75(26,400—12,600)= 65,500 in. lbs. at a 

i/c>A;/7>'=4.75(93,200+12,600)=502,000 in. lbs. at a' 

or =4.75(26,400+12,600)=185,200 in. lbs. at a' 

Since all of these are less than Jlfj, the bottom ends of the 
posts are not fully fixed under either condition. For maximum 
moment in the posts, this problem comes under case No. lb. Here 
we shall consider the other case, that is, dead load only acting. 
We have from equation (174) 



-•• \ 



O 

From equation (180) approx. mean value of x^ and x/ 

4.75X26400 ^- .^ ^ . .. 

™ =25 m. =2.1 ft. 

5000 

From equation (175) 

Ml =4.5X26,400 = 119,000 in. lbs.=9,900 ft. lbs. 

Before we can get Af /, we must know V. 

For an approximate 3// we will assume F = 13,600. (V 
will be larger than 12,600 determined from equation (126) be- 
cause Xj^ will be smaller.) • 

1st. Approx. M/ =4.5(26,400 + 13,600) = 180,000 in lbs. 

= 15,000 ft. lbs. 

From equation (174). 

1st. Approx. V ?— [10,000(28 -2.1) 4- 9,900 + 15,000] = 16,700 

1st Trial : 

D =26,400 - 16,700 = 9,700 
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jy =26,400 + 16,700= 43,100 

Af,= 9,700X4.75 = 46,000 in. lbs. = 3,830 ft. lbs. 
M/ =43,100X4.75 =205,000 in. lbs. =17,100 ft. lbs. 

. 13,270 =Af/-M, 
From equation (173) 

H' =i X 10,000 + ^^>270X44 -5100X8 j^^ 

' ' 80X12 ' 

H = 10,000 -5,560 =4,440 lbs. 
a:/=^=3.07ft. 

* 6560 

2d Trial:— Afj = ^,900 as before. 

M/ =i;^(26,400 + 16,700) = 16,200 ft. lbs. 
From equation (174) 
7 =-^[10,000(28 -0.86) -5,560(3.07-0.86) +26,100] 

= 16,600 lbs. 

D =26,400 - 16,600 = 9,800 lbs. 

Z>' =26,400 + 16,600 = 43,000 lbs. 

Af j= 9,800X4.75 = 46,500 in. lbs.= 3,880 ft. lbs. 

Jl// =43,000 X4.75 =204,000 in. lbs. = 17,000 ft. lbs. 

13,120 =Af/-Jlf J 

H' =i X 10,000+ ^^-^^^^^^-^^^^^ =5,550 lbs. 
H = 10,000 X 5,550 =4,450 lbs. 

:,,' = l^=3.06ft. 
5550 

These values differing so little from those of the first trial 
shows that they are close enough for practical purposes. 
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From Eq. (183) 

fli=i[M50(20-0.S7)+ 9,9001 = 11,880 
i2/ = 4[5,550(20-3.06) +16,1301 = 13,770 ] 

From Eq. (186) , 

I 

Stress in BB' = 8,750 + 1 1 ,880 = 20,630 lbs. 
From Eq. (187) 
Horiz. Comp. B'F = 10,000 + 1 1 ,880 + 13,770 =35,650 lbs. 

From Eq. (188) 

Stress in FF' =5,550 + 13,770 = 19,320 lbs. 

Maximum stress in the posts occurs at F', but this comes 
under case *Vo. lb. 

For connections see remarks under Case No. la. 

170. Case No. 2. Plate Girder Portal. \ 

Case No. 2a. Posts Fixed Top and Bottom. In this case 
e=0 and a=c and ^fcji) > J(/J+P)a. 



T/^S'^ . 



-hB/^-f-JP 




H' 



Point of7nfkxion 



c* 



Fig. 220. (Case No. 2) 



From equation (118) 

From equation (106) 

JI=H'=i/2(B+P) 
From equation (122) 

^2=1/4 («+P) a 
From equation (126) 

= ^(B+P) (a+d-x,) 
Bending moment in 

the posts at a, a', F and 

ir'=i^(B+p)a. 

The maximum stress 
in the posts is at F^ and 
is found from equation 
(135). 

To find the stresses 
in the girder take any 
section Zm, with the cen- 
ter of moments at m. 



BB'cZ- (7J+y2P)/i-H(a~j:,.) +Fx=0. 
B2?'d=(7?+y2P)d+i/i(i2+P)a-ya:. 
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When x=0, BB'=y2i2+ff ( I+1/2 ~\ 

When'a;=y2&, BB'=y2^. 

When x=-.&, BB'^y^R-B I l+y2 -j) 

-B5' has therefore a uniform dompressive stress equal to i^B 
and a uniformly varying stress. The latter equals zero at the 
center, is compressive on the windward side and tensile on the 
leeward side. 

With the center of moments at I 

FF'd=E {\Ua+d) -Vx PP'=ff ^i^^— 7^- 

When x=0, FF'=^H { I+Y2 -J) 

When x=-^i4&, FF'=0. 

When x=b, FF'=^H ( l+y2 -J-) 

FF' has therefore a uniformly varying stress from compres- 
sion on the leeward side through zero at the center to tension oH 
the windward side. 

The difference in stress between BB' and FF' is y^R^ 

The vertical shear in the web at any section is V. 

The moment at the middle of the girder at any section 
tei=y2(B+y2P)d+y2H(a-fti)-Fa:. 

For the connection BF the moment is ^/^(B+i4P)d+ 
^HCa+d), and the shear is V. 

All stresses are reversed when the direction of the wind is 
reversed. 

Case No. 2b. Posts Fixed at the Top and Partially Fixed 
at the Bottom, (See Fig. 220.) In this case from equations 
(121) and (122) y2k^D^ys(R+P)a and y2fc,2><%(B+P)a, 
tnt on account of the construction the posts may always be con- 
sidered fixed at the top, so the latter condition is the only one 
that need be tested. 

An approximate mean value of x^ and x/ is determined from 

1. Jc9 Di 
the equation Xm= , /p , n\ • ^ ^ neglected in this value of D. 
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Approx. y=-l(7f4.P)(a+d-x„) 

D=DL(+LL)-V D'=DL{+LL)+V 

Prom equation (156) fl'=]^[B+P+-L(jif,'_j|f,)] 

_ M, ,_ M^' 

y=-^ [(i?+P)(a+d-a;J-H'(a;/-a;,)] 

If this value of V is near enough to the value given above, 
we need not again determine H, H', x.^ and x^'. 

The bending in the posts at a=Hxi, at a'^H'a;,', at F= 
H(a-Xi) and at P'=H'(a-x/). 

The maximum stress in the posts will occur at a' or F'. 
Other stresses are gotten in a manner exactly similar to the pre- 
vious case (No. 2 a). , 

d a 

Shear in the girder web at any section=F. 
The moment at the middle of the girder at any section 
lm=y2{K+V2P)d+H(a-'X^-iry2d)''Vx. 
For the connection BF 

the moment=V2(^+V2^)<^+^(a— Xi+-j and the8hear=F. 

All stresses are reversed when the direction of the wind is 
reversed. 

Case No. 2c with the posts only partially fixed at both the 
top and bottom, can never occur because by the construction the 
tops of the posts are always fixed regardless of the direct stresses. 
Of course the connection BF must be properly designated. 

171. Case No. 3. Latticed Portal. 

Case No. 3a. Posts Fixed Top and Bottom. (See Fig. 221.) 
The stresses for this case are the same as for No. ^a excepting, 
of course, that the stresses in BB' and FF\ in place of varying 
uniformly, increase at intervals equal to the distance between 
connections of web members. 

The shear at any section may be taken as equally distributed 
over the web members cut. The connection at F must take the 
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stress in FF' at F, and 
the stress in the web 
member connecting at 
jF. In the connection at 
F' the stresses are of 
opposite kind. Similarly 
for connections at B 
and B\ 

Intermediate connec- 
tions between B and F 
must take their portion 
of the shear and must 
hold the post in line be- 
tween B and F. When 
the wind reverses all 
wind stresses reverse. 

Case No. 3b. The 
stresses are found exactr 
\y as for case No. 2 b, 
and the remarks under 
No. 3a apply. 




'/^'^ 



Point cfi inf/exion 



V 



a' 



Fig. 221. (Case No. 8.) 



Case No. 3c. Cannot occur. See remarks under Case No. 2c 

172. Case No. 4. Knee Braced Portal. Case No. 4a. Po8i% 

9%xed at Both Ends. 



Pi^^P 




Point of fnf/exion ^ i 

" T 



V 



(See Fig. 222.) What- 
ever pieces are inserted 
simply for the sake of 
appearance^ or to stiffen 
other members are not 
considered as taking any 
stress. A latticed portal 
in appearance, may be 
made of this, but only 
the members shown by 
full lines in Fig. 222 are 
calculated to take the 
stresses. The members 
shown by dotted lines 
simply serve to stiffen 
the knee braces at their 
middle. 



Fig. 222. (Case No. 4) 
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From equation (118) x^=x/= ^§^4^ 

oa-r c 

From equation (106) H=ff'=i^(B-f.p) 

From equation (128) R{=R^'=^/^{R+P) ^^^1^ 

From equation (121) i^fciD«3/,=j€/J„ 
From equation (122) y^K^-r^I^^Hxi' 

Prom equation (126) V=^V'=^ [{R+P){c^x^)+leR{\. 

stress in BC=R-irV2P+Ri=R+V2P+%{R+P) ^^^' 

e 

Stre.ss in Cr/=y2P+'Rr=V2P+%{R+P) ^'^^^ 

e 

Horiz. Comp. CF=(?=7e,+ff=Horiz. Comp. CF\ 
Stress in j5i^=-B'/^'=y-Vert. Comp. Ci^=0. 
Bending in the pests at a and a'=i/^(22+P)xi. 
Bending in the posts at F and i^'=l^(B+P)(a— ajj. 
The maximum stress in the posts is at a\ 
The connection at B takes the stress in BC and at B% thje 
stress in B'C, 

The connection at C transfers the Horiz. Comp. of CF and 
CF' to BB\ » 

When the direction of the wind is reversed the stresses are 
all reversed. 

Case No. 4b. Posts Fixed at the Top and Partially Fixed 
at the Bottom, 

V2k^D=Mi^y^eR, and y2KD<M^<Hx^ 
The approximate mean value of x^ and x/ is obtained from 

the equation ^=T7^-^frpT , neglecting V in D. 

Approximate value of R^=zR/=s/^{R-\-P) ^~^" 

1 ^ 

Approximate value of 7= -r- [(B+P)(c— «„,)+ f cJJJ 

Dr=DL(+LL)^V D'=DL(+LL)+V' 

w=V2 [«+P+^V) ^^^'-^») ] ' H=B+P-ff ', 

^i=jf and x/= -gr^ 
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2nd Approximation. 



R,= \H 



a 



X, 



i2/=|i/ 



,a— -xi 



e ^ ' e 

Now find D, H, and x^ as above. Having now Bi, Bj', H, 
-H', Xx, x^' and F, the stresses are found as in case A^o. Aa. 

Case No. 4c. Poste Partially Fixed at Both Ends. 
^6K^<^i<V3^Ri and y2k^<M^<Hx^. In these two test 
equations the values of B^, U and x^ are the same as those given 
under Case No. 4a. The approximate mean value of x^ and x^ is 

Xm= 1 (ji^p ) y neglecting Y in D. 

J/i=^iiZ>. Approx. J/i'=^fei(Z>4-approx. F) from which 
Approx. F= -^ [(B4-P)(c-x„)+3/,+J//]. 

Now proceed as under case No. db^ using however equation 
(183) for Bi=— [^(a-xj-f-itfj. 

c 

173. Case No. 5. Latticed Portal for 5hallow Trusses. 

Case No. 5a. Posts 
Fixed at Both Ends. The 
style of portal shown in 
Fig. 223 is used when the 
clearance line comes but 
little below the top of 
the end posts. The top 
flange EE' is supposed 
to be fastened to the top 
chords of the trusses. 
The posts may be either 
fixed or partially fixed 
at B and B' so, as far as 
they are concerned we 
may havft any of the 
three general cases. 

n, V, Xi, and M^ 
may be gotten as for 
Pig. 223. (Case No. 6) case No. 4a. 

Taking the section Im with the center of moments at C, 

GG'd+E{c+d^x,)-V-^+M,=0. 



i£lLeL 
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Taking the center of moments at 0, 

Vert. Comp. of GC=y=— Vert. Comp. of CG\ 
Taking the section rs and the center of moments at B 



Horiz. Comp. of OF=H 



c — x, Ml 
e e 



+ — =R^+H. 



BF=YeTt. Comp. of OF-^V^^B'F'. 

Vert. Comp. of i)B=Vert. Comp. of DQ=BF. 

OB=RoTVL, Comp. of DB--R^=--G'B\ 

DE--=B-^y2P and D'E'=y2P. 

When the direction of the wind is reversed the stresses are 
reversed. 

Case No. 5b. Posts Fixed at the Top and Partially Fixed 
at the Bottom. H, V, i?j, and Xj are found exactly as under 
case No, ^6, and then the stresses are found as in the preceding 
case, No. 5a. 

Case No. 5c. Posts Partially Fixed at Both Ends, The 
external forces are found in exactly the same manner as under 
case No. ^c, and then the stresses as in case No. 5a, 

174. Case. No. 6. Plate Girder Portal, Knee Braced. 
Case No. 6a. Posts 



Fixed Top and Bottom. 
In Fig. 224 if the plate 
girder BEE'B' is rigid- 
ly connected to the post 
at EBy we may take the 
post as fixed at B in all 
cases, as with the Case 
No. 2, Art. 170. H, V, 
Xi and 2?i may be gotten 
as for the case No. 4a, 
M^=V^eR^. 
With a section Im and 
a center of moments at 

M a 4 



PHP 




Fig. 224. (Case No. 6) 
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With the center of moments iit 7 

Shear between QK and 6^K^=V. 

The stresses to the right of G in the girder are statically 
indeterminate. According to the above value of G6' the stress 
in the bottom flange increases as x decreases. We may assume 
that the increase from 6? to B is taken by GF, whence GB is con- 
stant and equal to the stress given above for GG^ when x=ff 
therefore, 

a da 

Taking a section rs with a center of moments at E, 

Horiz. Comp. of GF^H^^^^ ^^^^^e 

=V -4t- =-Horiz. Comp. of G'F\ 

Taking a section rs with a center of moments at B, 

Z^=H ^-^ + ^ +B+y2^-Horiz. Comp. GF-^ 

Taking a section pq at F, 

jBF=F-Vert. Comp. of GF=-'B'F\ 



di-e d+e 

Connections at ff and F should take care of both components 
of GF, the strut being either in tension or compression. 

The connection at E should take the stress EK and at B the 
stress GB, In addition the connection between E and B should 

take a shear equal to V -r— 

Case No. 6b. Posts Fixed at Top and Partially Fixed 
at the Bottom. H, V, ajj, and R^ may be gotten as for the case 
No. 4fc. Then the stresses are found exactly as in the preceding 
case No. 6a. 

Case No. 6c. This case cannot occur under the suppo- 
sition stated at the beginning of this article. Should EB not 
be continuous with the post, this case resolves itself into one 
similar to No. 5, which will be treated in Art. 175. 
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Girder 



^ 



o 



rf 






U/^-- 



,./\ j^Poifyf of in flexion ^\ 



n 



V 



a' 



175. Case No. 7. Plate Girder Portal for Shallow 
Trusses. Case No. 7a. PoBi% Fixed both Top and Bottom, 
This case is exactly similar to No, 5. 

There is a horizontal ^p ^' \ H . £ Pi^P 

.«hear in the girder, equal ^ 
to J?+^ which is trans- 
mitted to -B. Thia girder ^ 
also takes a vertical shear 
.and a bending moment. ^ 
The vertical shear equals V 
between GK and G'K' and 
equals the stress in BF be- 
tween BE and GK. 

The moment is a max- 
imum at GK and G^K^ and 
equals BFXf. 

With a section Im and 
center of moments at B, 
Horiz. Comp. of GF 

e e ^ ' 

J^jP=Vert. Comp. of GF—V. 
n, V, M^ and x^ may be f oimd as for case No. 4a. 
Cases No. 7b arid No. 7c are to be treated in a manner exactly 
similar to Cases No. 5b and No. 5c. 

176. Stresses in Railway Bridges having Curved Track.^ 

The stresses in railway bridges having curved track, are different 
from those in bridges with straight track, on account of the re- 
sistance which must be offered by the track, in changing the 
direction of a moving train, on account of the center line of track 
d(*viating from the axis of the bridge, and on account of the dis- 
placement of the center of gravity of the train due to the super- 
•ejcvation of the outer rail. 

We have then, affecting live load stresses, "centrifugal 
force," and ** eccentricity." 

The centrifugal force of a body of weight P moving in a 

<jircular path is CP= -77- = oo~or (1^9) 



Fig. 225. (Case No. 7) 



9'^ 



32.2r 



iFor a complete discussion of this subject see Trans. Am. See. 
<C. E.. VoJ. XXV, p. 459. 
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If De be the degree of curve, r = 
curves under 5**, from which 



5730^ 



PVW, 



, approximately for 



(190) 



32.2X5730 

If the velocity of the train be taken at 50 mi. per hour 

73X73 

=73 ft. per sec, equation (190) becomes CP=- ^Pl^e, 

oZ . A X u7«jO 

or CP =0.0288PD<.. In other words, the centrifugal force equals 
nearly 3% of the load for every degree of curvature. It is 
frequently specified 3% for all curves up to 5® and the additional, 
reduced to 1% for every degree over 5° on account of the slower 
speed on sharp curves. 

To illustrate the method of calculating live load stresses in 
bridges having curved track, lei us consider a 160 ft. span, single 
track, through bridge, of 8 panel*- tu 20 ft. Let us suppose the 
track to be on a 5° curve, that the axis of the stringers corres- 
ponds with the axis of the bridge, and that the latter bisects the 
middle ordinate of the curve in the span length. Pig. 226 shows 
the eccentricity of the center line of track at the floor beams. 




SO ft. f^ nets 




Bridge^ 



Fig. 226. 



In Fig. 227 C.G. is the center of gravity of the train, sup- 
posed to be at a uniform height A; above the center of the track. 



1 See Carharrs "Field Book for Civil Engineers." page 31« 32 & 33. 
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CP 18 the centrifugal force of the weight P, and c is the eccen- 
tricity of the center of gravity with respect to the axis of the 
bridge, e equals the eccentricity of the center line of track, 
plus or minus A: ton a. 

Let us assume in our example, A; =6.0 ft., superelevation 
of the outer rail =5 in, =0.417 ft., /i =6.833 ft., /=10.3 ft., 
6, =7.0 ft., 6 = 17.0 ft., and the centrifugal force as 3% per degree 
of curvature. 

Stringers. For the stringers the eccentricity of the center 
line of track is assumed to be the mean of the eccentricities at 




Fig. 227. 

the ends of the panel and the load is applied at the top of the 
stringers. Taking moments about the outer stringer in Fig. 
227, we get the load on the inner stringer, 

P(j5,-e)-C/% 



V^ 



bi 



Taking moments about the inner stringer we get the load 
on the outer stringer, 

P(ih+e)+CPfi 



y^ 



bi 



We see that the load on the inner stringer is a maximum when 
CP=0, that is, when the train is standing still, and that the load 
on the outer stringer is a maximum when CP is a maximum^ 
or when the train is moving at maximum speed. 
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The sign of e in these equations depends upon which side of 
the axis of the bridge the center of gravity falls. This is best 
determined by making a free-hand sketch in each case and 
putting the dimensions on it. 

Taking the third panel, for ex9,mple, the average eccentricity 

of the center line of track =-^ ^^ =0.959 ft. This is 

decreased by the tilting of the train due to tlie elevation of 
the outer rail, 0.5 ft., assuming 5 ft. between centers of rails. 
Therefore, e =0.959 -0.5 =0.459 ft. 

Maximum load on inner stringer = ' =JPX0.87, 

,-. . , , . ^ . P(3.5+0.4£9)+0.15PX6.833 
Maximum load on outer stringer = — 

=iPXl.42. 

That is, the maximum load on the inner stringer of this panel 
is 87%, and on the outer stringer 142% of what it would be if 
the track were straight. 

The stresses are calculated as if the track were straight, 
and then they are multiplied by the coefficients obtained as 
above. 

The maximum load on any outer stringer will occur in the 
panels nearest the middle of the span, and on any inner stringer 
will occur in the end panels. In this case the maximum load ©n 
any stringer will occur on the outer stringer of the panel next 
to the middle of the span, and will be 153% of what it would 
be for a straight track. 

The stringers are usually made alike throughout the span. 
Sometimes they are oflf-set so as to have nearly the same eccen- 
tricity in all the panels. This increases the shop^ work and the 
cost per pound of the work, but may result in a saving in the 
total weight of the structure. 

The top flanges of the stringers are subjected to transverse 
shear and bending. If the shear be supposed equally divided 
between the two stringers of a panel and if there is bracing 
between the top flanges as shown in Fig. 228, there will be a 
bending moment due to carrying the centrifugal force to the 
panel points, a, 6, c, d, and e. There will be tension in ac and 
compression in hd. This action is a relief to the outer stringer 
flange, which will be greater if the bracing is put as shown in 
Fig. 229. 
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/nrfer a 

Fig. 228. 




The shear is transmitted to the floor beam through the 
stringer connection, producing a horizontal shear and a moment 
on the rivets. 

Laterals. In Fig. 227 the horizontal shear CP is re- 
sisted by one system of laterals, CP being a panel load. 

When the centrifugal force is 
Oi/ter c Stringer ^ large, it is advisable to make 

the laterals so as to act as 
two systems, half being taken 
by each. We have assumed 
in Fig. 227 that all of CP is 
taken up by the lower lateral 
svstem. In the realitv posts 
will take a Bmall portion to 
the top lateral system. The 
bottom laterals l>eing below 
the pin center, their longitu- 
dinal components must be 
transmitted to the bottom 
chord by bending in the posts. 
Since C is a constant for 
any particular bridge (unless 
it is on a compound cur\'e) , CP and P will be the same for each 
panel, if the live load is a uniform load. Otherwise the maxi- 
mum shear and maximum moment at any point of the horizontal 
truss will occur for the same position of the load as for maxi- 
mum shear arid moment at that point in the vertical truss. 

It is sufficiently accurate to use an equivalent uniform load 
in figuring the stresses in the laterals. 

Floor Beams. The eccentricity of the center line cf 
track for the floor beams is taken as the average of the eccen- 
tricites of the stringers of the two adjacent panels. The center 
of moments should be taken at the center line of the lower 
chord, as this is the assumed point of support of the floor beam. 

Taking moments about in Fig. ^27, we have for the in- 
side reaction, 

.r PHb-e)''CPf 
^^ b • 

Taking moments about /. we have for the outside reaction, 

p _ P(hb+e)^CPf 



Fig. 229. 
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Vy the reaction at the inner trusS; is a maximum when the 
train is standing still and V is a maximum when the train is 
running at maximum speed. The maximum V and V do not 
occur at the same time. From these, the maximum moment 
and shear in the floor beam are obtained. As in the case of 
the stringers, the floor beams are usually all made alike. 

In our example, taking the floor beam between the second 
and third panels, Fig. 226, we have 

T? *-v irx 1 1.221+2X0.697-0.176 ^ ^, .x 
Eccentricity of track = =0.61 ft. 

6=0.61 — 0.5(decrease due to elevation of outer rail) =0.11 ft. 
Max. V (inner truss) =:^1^^5-0^ ^^^ ^ ^^^ 

Max. F' (outer truss) ^ ^^^ ■^-^O.lD+O.lSPxiO.a ^^^^^^^^ 

That is, the maximum reaction at the inner end of the beam 
is 98.7%, and at the outer end 119^% of what it would be if 
the track were straight. 

The moment in the beam at the inner stringer is V(i6— ^ftj), 
and at the outer stringer is V'(i6— i&i). Use the larger. 

Use V or V for the live load, to find the number of rivets 
required in bearing on the beam web at the stringer connections, 
remembering that these rivets also take a horizontal shear of 
\CP and a moment of \CPdf (d, being the depth of the stringer) 
when the train is moving. 

The compression in the bottom flange of the floor beam, 
as a member of the lateral system, tends to reduce the tension 
from direct load and, therefore, need no^be considered. 

Trusses. The panel loads for the trusses are equal to 
the respective floor beam reactions. These must be obtained 
for each panel point using P to represent the load on the track 
in each panel. These panel loads then may be used to get 
coefficients on the truss members, which may be divided by the 
ordinary coefficients for uniform load (130). This gives a per- 
centage of the straight track stress for each member. The stresses 
may be calculated as if the track were straight, by the method 
of wheel loads or from equivalent uniform loads, and the stresses 
multiplied by their respective percentages. 
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Figure 230 shows the straight track coefficients; curved 
track coefficients, and the percentages of the straight track 
stresses to use for the curved track stresses. 
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Fig, 230. 



It is evident that the outer truss will have larger stresses 
than the inner, nevertheless, the trusses are liSuaUy made alike. 
The inner truss is made stronger than necessary. When the curve 
is sharp, it might be desirable, on account of economy, to move 
the track nearer the inner truss, thus equalizing the stresses in 
the trusses. This cannot .be done in the bottom chord (of a 
through bridge) because this also belongs to the lateral system. 
The stresses in the top chords may be made equal. This will 
necessitate spreading the trusses in order to preserve the required 
clearance. On account of the slope of the end t)Ost in a through 
biidge, the clearance is calculated at some distance inside the 
ends of the bridge. 

Moving the track nearer to the inner truss does not save 
material in the trusses, but it saves drafting and shop work by 
making the trusses alike (except the bottom chords). This is 
done in through bridges at the expense of extra material in 
the floor beams and lateral systems, and if the substructure is to 
be new, at considerable extra expense in it, because of the in- 
creased width. 
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It will be noted that the wind may have the same or oppo- 
site effect, to that of the centrigufal force, in the lower chord, 
and that the mcmmum compression in the lower chord due to 
centrifugal force, does not occur when there is a maximum ten- 
sion in this chord from vertical load. 
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1. If a tension chord stress due to vertical loads is 240,000 
lbs., and the wind stress in the same chord member is 72,000 
lbs., what unit stress must be used in determining the cross 
section according to the Specifications for Steel Railroad Bridges 
of the Am. Ry. Engineering Assoc. (4th Edition, see Sees. 
15 and 25). 

2. The bridge shown in Fig. 204 has a span of 120 ft., 
height 25 ft., distance cent, to cent, of trusses, 16 ft. The end 
post stresses are, Dead Load =94,000 lbs.. Live Load = 196,000 
lbs. fci = 14 inches. A;, = 15 inches. The end posts are alike. 
7=8 ft. Wind Load = 150 lbs. per lin. ft. of top chord. Are 
the end posts fixed at either end? Find the stresses in the 
portal bracing if it is of the type shown in Fig. 217. 

Find the maximum stress per sq. in. in the End Posts if 
7 = 1,790, and the maximum width of the member is 21 inches. 

3. Find the percentages of the load which will go to the 
stringers of the second panel of Fig. 226. 

4. Find the percentages of load which will go to the hip 
verticals of Fig. 226. 

5. Show why the maximum bottom chord stresses of the 
two trusses of a through bridge on a curve will not be equal, 
when the track is so placed that the maximum stresses in the 
top chords are equal. 
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